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iii. Abstract 
 
In reviewing the recent development of the geotechnical engineering aspects of the 
offshore wind farm industry, it was found that there is an urgent need for more reliable 
and cost-effective foundation solutions. In this thesis, screw piles (helical piles) have 
been proposed as a potential innovative alternative foundation for offshore wind 
turbines in deeper water. This type of pile has been used widely as foundation and 
anchor for onshore projects due to their ability to provide high compressive and tensile 
resistance as well as reduced noise/vibration during installation. In order to adopt the 
screw pile technique as an offshore foundation, the geometry of the piles would need 
to be scaled up so they can provide the high capacities required for this application. 
Such change in size and geometry will lead to uncertainties in predicting the required 
installation torque and the capacity in different soil types and stress histories. For 
example, without the ability to accurately predict installation torque, it is difficult to 
design screw piles for offshore use or develop appropriate installation plant with the 
required torque capabilities in different soils.  
In this thesis, non-linear Finite Element Method (2D & 3D) was used to investigate 
the screw pile behaviour under lateral, vertical and combined loading. The FEM was 
also used to investigate the optimum spacing of the helical plates and the geometry 
effects on the screw pile behaviour to meet requirements of the loading conditions 
experienced for offshore application. In addition, 29 successful centrifuge tests were 
carried out using a newly developed servo-actuator so that the screw pile models could 
be installed and tested inflight in one operation at 50g acceleration. The centrifuge 
tests of screw pile models and CPTs were carried out in sand at three different relative 
densities (loose, medium and dense). The installation force (Fv) and torque (T) were 
correlated to the cone resistance (qc) to establish a CPT-based design method to predict 
the required installation force and torque for the straight-shafted pile and the modified 
screw pile geometries. A modified theoretical model was used to predict the 
installation torque of straight-shafted pile and screw pile in sand with different relative 
densities based on pile geometry characteristics and soil properties. Furthermore, the 
ultimate compressive capacities (Qc) of straight-shafted piles and screw pile in sand 
with different relative densities were determined from centrifuge tests and used to 
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develop appropriate design parameters including earth pressure coefficient (k) and 
bearing capacity factors (Nq) for pushed and rotated piles. 
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iv. Notations and abbreviations 
 
Notation 
Ab Pile base area 
Ac Pile shaft cross-sectional area 
Ah Helical plate area 
c Apparent cohesion 
D50 Sand mean particle size (50% passing) 
Dc Pile core diameter 
dc Circle diameter corresponding to the helical plate area 
Dh Helical plate diameter 
Dr Soil relative density 
dw Vertical penetration rate during the pile installation 
dθ Angular velocity of the rotated pile 
e Void ratio 
eo Initial void ratio 
E Young’s modulus 
E50 Secant soil stiffness 
Eoed Oedometer soil stiffness 
Es Young’s modulus of steel 
Eur Unloading-reloading soil stiffness 
fy Tensile strength 
Fv Vertical installation force 
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Fvp Vertical installation force of straight-shafted pile using the pushed method 
Fvr Vertical installation force of straight-shafted pile using the rotation method 
fs Sleeve friction of a CPT 
fs ave Average sleeve friction 
G Shear modulus 
Go Soil small-strain stiffness or shear modulus 
H Lateral load 
Hh1 Depth of top helical plate 
Hhb Depth of bottom helical plate 
I Moment on inertia 
k Screw pile empirical factor 
kc Empirical factor (in compression) 
kt Empirical factor (in tension) 
K Lateral earth pressure coefficient 
Ka Active earth pressure coefficient 
Kb Base resistance factor for the CPT design method after Bustamante and 
Gianeselli (1982) 
Ko Earth pressure coefficient at rest 
Kp Passive earth pressure coefficient 
Kp′ Modified passive earth pressure coefficient 
L Pile length 
Lc Distance from the bottom helical plate to the screw pile tip (Lc=L-Hhb) 
Le Effective screw pile length (Le =Hhb) 
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m Power for stress level dependency of stiffness 
M Bending moment 
Mp Plastic bending moment 
N helical plate number 
n Gravity level in centrifuge (g level) 
Nq Bearing capacity factor 
Nq* Bearing capacity factor for screw pile helical plate (Case 1) 
Nq** Bearing capacity factor for screw pile helical plate (Case 2) 
Nq′ Modified bearing capacity factor 
Nqu Uplift bearing capacity factor 
p Helical plate pitch / pile installation pitch 
qc Cone resistance of the CPT 
qc ave Average cone resistance of the CPT 
Qc Pile compressive capacity 
Qb Bearing capacity of the pile tip 
Qcf Cylindrical shearing resistance of the screw pile 
Qhb Bearing capacity of the bottom helical plate of the screw pile 
Qhi Bearing capacity of the helical plate of the screw pile 
Qs Pile shaft resistance 
Qt Pile tensile capacity 
r Radial distance from pile centre 
Rinter Strength reduction factor 
s Distance from the pile/CPT centre to the container boundary 
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S Helical plate spacing 
t Time 
tc Pile shaft wall thickness 
th Helical plate thickness 
T Installation torque 
Tb Pile base torque resistance  
Th Screw pile helix torque resistance  
Ts Pile shaft torque resistance  
u Pore water pressure 
V Axial force 
v Ratio of pile penetration rate per revolution of the pile (v=dw/RPM) 
Vc Axial compressive force 
Vc ult Ultimate axial compressive force 
Vt Axial Tensile force 
Vt ult Ultimate axial tensile force 
Vult Ultimate axial force 
w Vertical displacement 
y Lateral displacement 
z Soil depth 
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Greek symbols 
δ Interface friction angle 
γd Dry soil unit weight 
γsa. Saturated soil unit weight 
γw Unit weight of water (9.81 kN/m3) 
γ′ Effective unit weight 
θ Pile head rotation angle 
ϕ′ Soil internal friction angle 
ϕcrit Critical state soil friction angle 
ϕp Peak soil friction angle 
ϑ Centrifuge angular velocity 
σ Total soil stress 
σ′ Effective soil stress (σ-u) 
τ Shear stress 
ν Poisson’s ratio 
Ѱ Helical plate inclination angle 
ψ Dilation angle 
α Shaft friction coefficient for the CPT design method after Bustamante and 
Gianeselli (1982) 
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Abbreviations 
CHD  Continuous helical displacement pile 
CPT  Cone penetration test 
CRR Compressive capacity reduction ratio 
DAQ Data Acquisition 
FEM Finite Element Method 
ID Inner diameter of the pile 
MHP Multiple helical plate screw pile 
OD Outer diameter of the pile 
RPM Pile rotation per minute 
SP Screw pile 
SHP Single helical plate screw pile 
SPT  Standard penetration test 
SSP Straight-shafted pile 
UoD University of Dundee 
WD Work done for pile installation 
WIP  Wished in place pile 
2D Two-dimensional 
3D Three-dimensional 
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Chapter 1: Introduction 
1.1. Preface 
Renewable energy has been widely developed in recent years due to climate change and 
global warming, so that a secure energy supply can be ensured for the future. Renewable 
energy has many different sources; for instance solar, wave and tidal energy. However, 
offshore wind energy is the fastest growing sector because it offers many advantages over 
other renewable energy sectors due its ability to provide long-term high power; for 
example, the wind is much stronger and predictable in comparison to onshore wind 
energy. Currently, there are targets to quadruple the current offshore wind power in the 
UK in order to meet long-term carbon emission targets and EU 2020 renewable energy 
targets (Danish Energy Agency, 2015). 
There are many well-established offshore foundation options that can be used to support 
offshore wind turbines such as monopiles, gravity foundations, suction caissons, shallow 
foundation units (including gravity based structures, GBS) and piles. The selection of the 
best foundation design is based on many factors such as water depth, soil characteristics, 
supported structure type (tripod, jacket, etc.) and the general site conditions. Generally, 
monopiles are used as foundations for offshore wind turbines and have been situated in 
UK waters in depths up to 20m for Round I (first round for offshore wind farms in UK) 
and up to 37m for Round II (second round for offshore wind farms in UK) developments. 
However, the use of current monopile designs for wind-farms in deeper water may not be 
economic or technically feasible especially for further development rounds, particularly 
Round III (third round for offshore wind farms in UK), with water depths up to 70-80m. 
Also, other offshore foundations (e.g. driven piles) may generate underwater noise and 
vibration during the installation processes which may cause impacts on marine mammals 
and fish, and hence alternatives and further development of offshore foundations which 
have lower costs and silent construction are required. 
In order to provide a robust and efficient foundation for offshore renewable energy 
structures, a novel approach has been suggested which is to use screw piles (often also 
referred to as screw anchors or helical piles) as offshore foundations. Screw piles typically 
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consist of a hollow steel shaft with one or more welded helical plates and are installed 
into the ground by applying a vertical downward force “crowd force” and torque 
simultaneously. This type of foundation has many advantages which may lead to 
substantial reduction in the foundation costs mainly through reduction of the installation 
time and potential for reduction in foundation materials. Additionally, this kind of 
foundation also shows a significant increase in the compression and tension capacity in 
comparison to the equivalent straight-shafted piles. Therefore, it is important to 
investigate the performance of screw piles under different loading conditions and 
installation scenarios in order to develop the design methods that have been used for 
onshore screw piles to allow them to be deployed for offshore structures. This thesis 
investigates the behaviour of the screw pile with different geometries under various 
loading schemes during installation and service using numerical modelling (2D & 3D 
FEA) and physical modelling (centrifuge modelling). 
Screw piles have been used widely as onshore foundations to support various kinds of 
structures (i.e. light poles, transmission towers, excavation bracing, buildings, etc.). The 
dimensions of the screw piles that have been used for onshore foundations are generally 
small with vertical tension and compression being the main modes of loading. In order to 
adopt the screw pile technique as an offshore foundation, the geometry of the piles would 
need to be scaled up so they can provide the high capacities required for this application. 
Such a change in size and geometry will lead to uncertainties in predicting the required 
torque for installation in different soil types and stress histories. Without the ability to 
accurately predict installation torque, it is difficult to design screw piles for offshore use 
or develop appropriate installation plant with the required torque capabilities in different 
soils. Hence, it is necessary to develop adequate design procedures that allow upscaling 
of the small onshore screw piles to the large screw piles required for offshore deployment 
and the associated complex loading regimes, e.g. axial tension and compression with 
lateral loading. Investigation in this thesis is focused on the prediction of the torque (T) 
and vertical force (Fv) required for the installation of screw piles of a geometry suitable 
for offshore deployment and helix to shaft core diameter ratio (Dh/Dc), and inter helix 
spacing ratio (S/Dh) for efficiencies in screw pile capacity. 
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1.2. Research justification 
Offshore wind power is planned to quadruple by 2020 in the Northern European energy 
grids and the UK government target is for10% of the total energy to be delivered from 
renewable sources by 2020 with offshore wind expected to provide most of this energy 
(The Crown Estate, 2013). Round III is a programme of offshore wind farms in deep 
water (up to 80 m) with development ongoing since 2009 in the UK which is designed to 
generate up to 33 GW (The Crown Estate, 2012). 
The improvement of current foundation technology in terms of reduced cost and time 
spent on site is necessary for the offshore renewable energy sector to meet proposed cost 
reduction. In order to continue offshore wind construction, a target has been set to reduce 
the cost of offshore wind projects by 40 per cent by 2020 (Poulsen, 2013). The support 
structure (subsea structure and foundations) is about 25-30% of the total cost of a typical 
offshore wind farm (LeBlanc, 2009). The conventional offshore monopile is a steel pipe 
pile with a diameter up to 6 m and wall thickness up to 150 mm.  The installation of this 
type of foundation usually requires expensive heavy driving vibratory hammers using 
percussive methods (Kurian et al., 2010). The use of a subsea structure anchored to the 
seabed using screw piles may be considered as an alternative solution to eliminate 
installation noise and vibration using rotational installation whilst generating a relatively 
large pile capacity. 
This study presents numerical and physical modelling for screw piles of a geometry more 
suited to offshore deployment and aims to determine the significant mechanisms that 
should be considered in the screw pile design in sand at different relative densities. Screw 
piles are typically quick to install as they are installed using simple torque devices to 
screw the piles into the ground. They also develop significant axial tension and 
compression resistance in comparison with the equivalent straight-shafted pile of the 
same diameter. Therefore, the cost of offshore wind turbine structures may be reduced by 
using this type of foundation. Screw piles can provide a solution for the marine renewable 
energy sector, particularly Round III, by developing the screw piles so that their capacity 
will be increased to resist high tension, compression and lateral loads. The geometry of 
the screw pile would need to be scaled up in order to provide the high capacities in both 
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tension and compression required for offshore foundations. However, this change in size 
and geometry of the pile will lead to the necessity for prediction of the required force and 
torque for screw pile installation in different soil types. The ability to accurately estimate 
the screw pile installation requirements (force and torque) based on field tests and site 
investigation data will aid development of appropriate installation plant and design 
techniques for screw piles as offshore foundations. 
Byrne and Houlsby (2003) have reviewed many different locations which were released 
for the first phase of wind farms (Round I) around the UK and it has been found that the 
ground consists mainly of sandy soil. As sandy soil may dominate most of the offshore 
sites, this thesis was focused on screw pile design in sand. 
 
1.3. Aims and objectives 
The overall aim of this project is: 
1- To understand the failure mechanism for the helical screw piles with larger 
dimensions and different geometry when they are used as an offshore foundation 
and subject to axial and lateral loading. 
2- To improve the existing analysis and design techniques used for onshore screw 
piles to allow use for offshore screw piles with larger helical plates and pile core 
diameters. 
3- To determine or predict the maximum torque and force that is required to install 
a screw pile, so that appropriate installation equipment can be designed. 
In order to achieve these aims, the following main objectives of the study are proposed: 
1- Using numerical modelling (PLAXIS 2D & 3D-FEM) to evaluate the 
serviceability of the helical screw anchor piles, estimate the total capacity and the 
failure mechanism in sand. Also, it will be used to develop and optimize screw 
pile design so that they can support high tension, compression and lateral loads. 
2- Use previous field test data from full-scale screw piles to validate the numerical 
modelling. 
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3- Develop existing analytical approaches to screw pile design (installation and 
service) to accommodate up-scaled piles under offshore loading regimes. 
4- Develop a new actuator to be used in centrifuge tests to install and test screw pile 
models inflight in one operation. 
5- Use centrifuge modelling to verify the relationship between helical plate geometry 
(in terms of spacing and diameter) and the pile capacity; and also to determine the 
failure mechanism for the screw pile installed in sand at three relative densities 
(31%, 55% and 73%). 
6- Using the model tests data from the centrifuge to validate the data obtained from 
the analytical solution and numerical modelling for both installation and in-
service behaviour. 
7- Develop an improved prediction approach to estimate the screw pile installation 
requirements (force and torque) based on centrifuge tests of model cone 
penetration tests (CPTs) and field case study information from previous studies.  
 
1.4. Structure of the thesis 
This thesis starts with introduction and background presented in this chapter (Chapter 1). 
Also, the aims and objective of this study are highlighted in this chapter. 
Chapter 2 presents a literature review which is relevant to the current study. The need for 
a more reliable and cost effective offshore foundation is highlighted in this chapter. This 
chapter focuses on the current methods that are used to predict the installation force, 
torque and capacity of onshore screw pile and previous 1g and centrifuge modelling of 
screw piles. A summary of the points arising that require further investigation is also 
included at the end of this chapter. 
Chapters 3 and 4 are related to the numerical modelling of straight-shafted piles and screw 
piles. Chapter 3 describes the numerical modelling procedure using 2D and 3D Finite 
Elements Analysis (FEA). The validation of the numerical modelling based on previous 
field studies is described in detail in this chapter. Chapter 4 presents and discusses the 
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numerical modelling results of straight-shafted piles and screw piles under vertical, lateral 
and combined loading. 
Chapter 5 describes the centrifuge test methodology that was used to carry out the tests 
on straight-shafted pile and screw pile models in dry sand at three different relative 
densities (31%, 55% and 73%). The actuator development that was used to install and test 
the pile models inflight and the instrumentation used in the centrifuge tests are also 
described in this chapter. This chapter proceeds to describe the pile model geometries and 
soil model preparation and outlines the centrifuge test programme. 
Chapter 6 presents and discusses the installation results from the centrifuge tests of 
straight-shafted piles and screw piles. This chapter also outlines proposed methods to 
predict the installation force (Fv) and torque (T) during the installation and compares with 
previously published methods. Furthermore, the proposed methods for the installation 
force (Fv) and torque (T) estimation was validated against previous full-scale screw pile 
field tests. 
Chapter 7 presents and discusses the centrifuge tests results of straight-shafted piles and 
screw piles. This chapter outlines proposed methods to predict the compressive capacity 
(Qc) which are validated against previous full-scale screw pile field tests. Moreover, a 
comparison between the numerical modelling and centrifuge tests results is presented and 
discussed in detail in this chapter. 
Finally, conclusions based upon this study have been summarised and recommendations 
for further studies have been suggested in Chapter 8. 
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Chapter 2: Literature review 
2.1 Introduction 
Three comments made by Professor Guy Houlsby at the 54th Rankine lecture (Houlsby, 
2016), “Interactions in offshore foundation design”, focused on the need for developing 
an economical and practical offshore foundation solution in deeper water by suggesting 
the screw pile as a potential novel solution: 
“In the future, as larger devices (5 MW and more) are installed in deeper water, it is 
unlikely that large enough monopiles will be feasible, and the foundations are likely to 
involve multiple footing of some sort”. 
“….screw piles are introduced as a technology that holds excellent promise for turbines 
in deep water, as their combination of good tensile capacity and noise-free installation 
meets some offshore design needs”. 
‘’It would be desirable to compare these predictions with measurements of performance 
of screw piles in the North Sea, but alas that is yet to happen”. 
Screw pile (sometimes referred as helical pile) literature is widely available in the public 
domain, particularly with respect to installation torque and uplift capacity in onshore 
applications. Despite this, the literature is quite limited for screw piles under lateral and 
compression loading. The screw piles that are currently used onshore are required to have 
their geometries significantly scaled up in order to be applicable for carrying the massive 
loads and supporting offshore multi-footing structures (i.e. tripod and jacket). 
Consequently, this may lead to uncertainties regarding the installation requirements (i.e. 
force and torque) and capacity prediction which are essential for developing the 
installation equipment and meet the design loading criteria for supporting offshore 
structures respectively. A clear understanding of screw pile behaviour with different 
geometries and loading conditions and in-depth investigation in the relevant geotechnical 
engineering will be required in order to scale up the screw piles successfully (Byrne & 
Houlsby, 2015). 
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This literature review focuses on areas that are likely to be important for this study and 
offshore renewable development and looks at screw pile design and behaviour, laterally 
loaded pile design, numerical and centrifuge modelling of screw piles and the loading 
associated with offshore wind farms. It is intended that physical screw pile models will 
be to be tested in the centrifuge to investigate the behaviour of the full-size screw piles 
(prototype scale). Therefore, previous centrifuge model testing studies on screw piles are 
reviewed to gain a better understanding of screw pile behaviour and overcome the 
obstacles that may be encountered during physical modelling of screw pile installation 
and testing in the centrifuge. Also, this review will look at installation torque prediction 
based on analytical methods and CPT design based methods that were developed 
previously by different researchers. 
 
2.2 Offshore renewable energy foundations 
Offshore wind turbine foundations and their supporting sub-structural frames are usually 
designed based on the load types and the soil characteristics. Several foundations and 
substructure frames have been developed for offshore wind such as monopiles, monopod 
suction caisson, multi-suction caisson, truss towers, jackets with 3 or 4 legs, triple 
structure tripods, A-frame monopiles, guyed monopiles and other floating alternatives as 
shown in Figure 2.1. These offshore structures must be efficiently anchored or founded 
on the seabed to carry the offshore structure loads and prevent irreversible movements. 
The typical dominant loads in offshore wind turbine foundation are lateral and moment 
loads rather than vertical loads as shown in Table 2.1. Dean (2010) highlights that the 
larger lateral loads come from current and wave loads and these loads increase with 
increasing water depth. Table 2.1 shows typical magnitudes of loads experienced by wind 
turbines structures. 
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Figure 2.1: Offshore wind turbine substructure frames options with their commercial 
usage percentage in the offshore projects (EWEA, 2013) 
 
Table 2.1: Typical loads of wind turbines (data from Dean, 2010; Beatrice Wind Farm, 
2013; Houlsby, 2016 and The Crown Estate, 2013) 
Structure/ load type Load 
direction 
Approximated 
load (MN) 
The tower and 5MW turbine at 20m water depth Vertical 6 
The tower and 5MW turbine at 30m water depth Vertical 8 
The wind at 80-110m above sea level Lateral 2 
Waves and current loads at 10-20m above seabed Lateral 3 
Waves and current loads at 40m above seabed Lateral 4 
 
2.2.1 Future challenges 
The current monopiles which are usually used as offshore wind turbine foundations are 
manufactured from steel plates with a diameter up to 7.5 m with a typical plate thickness 
of 77mm (Ground Engineering, 2014). These monopiles may not be economically 
suitable for use in deeper water with larger turbines as the cost will be increased 
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significantly due to the increase in the monopile diameter and length. The Crown Estate 
(2013) suggested that alternative foundations may become competitive in water depths of 
30-35m and above. One of the main areas that operators and developers of the offshore 
wind farms are concerned about is the cost reduction of the foundation installation 
(Offshore Wind Procurement 2014). Figure 2.2 shows the proposed Round 3 projects in 
the UK. These wind farms will about 80 km away from the shore with water depths up to 
70 m. 
 
Figure 2.2: The proposed offshore wind farm sites for Round 3 in the UK (The Crown 
Estate, 2012) 
 
Multiple footing foundations (i.e. tripod and jacket) are considered the best option for the 
next generation of offshore wind farm development of high-power wind turbines (5 MW) 
in deeper water (i.e. more than 30 m) as shown in Figure 2.3a (Byrne, 2011). The use of 
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the multiple footing foundations typically uses multiple piles to support the offshore 
structure and the massive moments will transfer into axial loads divided over the multiple 
footing systems instead of using a single monopile as shown in Figure 2.3. Screw piles 
offer a potential and economical solution to be used as multiple footing foundations due 
to several of their characteristics (Houlsby, 2016). 
 
Figure 2.3: Offshore wind turbine foundation of (a) the proposal for future development 
structure type based on power supplied and water depth for load transfer mechanism to a 
monopile foundation and (b) multiple footing systems (Houlsby, 2016) 
 
2.3 Screw piles 
A screw pile consists of one or more thin helical circular plates (helix or flange) with a 
diameter (Dh) and thickness (th), fixed on a hollow steel shaft or central hub with a 
diameter (Dc), wall thickness (tc) and length (L). The single helical plate screw pile (SHP) 
usually has a single plate placed near the pile tip at depth (Hhb) from the soil surface 
whereas the multiple helical plates screw pile (MHP) has two or more helical plates at 
different depths (Hhi) with spacing (S) between each two adjacent plates. These key 
geometrical parameters are chosen based on the structural loading and the soil 
characteristics in order to provide the required capacity. They can be installed into the 
ground by applying force and torque at the pile head by using a hydraulic motor (Figure 
2.4). 
Chapter 2        Literature review 
12 
 
Screw piles have several benefits which make them a potentially attractive option for 
offshore foundations. The main advantages of the screw piles are that they do not create 
spoil, disruptive noise or excessive vibration and the load can be applied directly after 
installation (Perko, 2009 and Das & Shukla, 2013). 
 
Figure 2.4: Typical screw pile installed nearshore at shallow water depth (image: courtesy 
of Screwfast Foundations Limited) 
 
2.3.1 Early development and current practice 
The first recorded use of screw piles was by Alexander Mitchell in 1836, for ship 
mooring. Mitchell used these type of piles as a foundation for the Maplin Sands 
Lighthouse on an unstable sandbank near the River Thames entrance in 1838. Figure 2.5 
shows a schematic view of the Maplin Sands Lighthouse. The foundation of the 
lighthouse comprised nine screw piles to form an octagon shape and one screw pile in the 
centre; all screw piles had a shaft diameter 0.127 m, helix diameter of 1.2 m, and length 
of 6.7 m below the mud line. This application initiated their use by Eugenius Birch in the 
construction of seaside piers in England, and it was used until 1931 (Perko, 2009). 
Screw piles have been used widely for onshore and offshore applications. On land, screw 
piles are used as transmission tower foundations, tunnel support, wind turbine 
foundations, overhead gantry foundations, etc. Screw piles are also used in offshore 
Chapter 2        Literature review 
13 
 
structures to provide stability for pipelines on the seabed and anchoring/mooring, due to 
the ease of screw pile installation (Narasimha Rao et al. 1993). The growth in the helical 
anchor pile industry is attributed mainly to flexibility and ease associated with their 
installation and also in reduced cost and time (Beim & Luna 2012). 
 
Figure 2.5: Maplin Sand lighthouse (after Perko, 2009) 
 
 
2.4 Screw pile behaviour under axial tension loading in coarse-grained soil 
Screw pile capacity depends mainly on the screw pile geometry and soil characteristics. 
Ghaly et al. (1991) carried out 56 laboratory tests on single helical plate screw piles 
(SHPs) installed in loose, medium and dense dry sand and based on the results, it has been 
concluded that the ultimate pull-out capacity of screw piles is a function of helical plate 
diameter (Dh), embedment depth (L) and sand characteristics (Victor and Cerato, 2008). 
There are three main methods that can be used to estimate the screw pile pull-out capacity 
which have been proposed for onshore screw piles with small scale: cylindrical shear 
method, individual bearing method and the torque based design method. The first two 
methods are based on theoretical soil mechanics and are controlled mainly by the helical 
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plates spacing ratio (S/Dh) and soil type (Tsuha, 2016), whereas the third method is based 
on the installation torque data measured in the field.  
2.4.1 Individual bearing method 
In this method, it has been assumed that failure of the helical plates happens individually 
and the failure interference of two adjacent helical plates is negligible (Figure 2.6a). This 
method is appropriate for single plate screw piles and screw piles with a high plate spacing 
to helical plate diameter (S/Dh). Tappenden & Sego (2007) suggested that the individual 
helical plate bearing failure model occurs in multi-helix screw piles when the ratio of 
(S/Dh) is greater than 3, whereas Narasihha Rao et al. (1993) argued that this model is 
applicable for multiple helical plate screw piles having a ratio of (S/Dh) more than 2. The 
uplift capacity (QT) is based on the screw pile shaft resistance (Qs) and the sum of 
individual helical plates capacities (Qh) as shown in Figure 2.6a (Narasihha Rao et al., 
1993, Zhang, 1999, Tsuha et al., 2010). 
 hsT QQQ          (2-1) 
However, this method is based upon the analysis of single plate anchors under uplift loads 
that have been investigated previously by many authors (Adams & Hayes, 1967; 
Meyerhof & Adam, 1968; Vesic, 1971; Ovesen, 1981; Rowe & Davis, 1982; 
Chattopadhyay & Pise, 1986; and Bhattacharya & Kumar, 2014). Chattopadhyay & Pise 
(1986) proposed the following equation to calculate the uplift capacity of a circular plate 
anchor in sand: 
hquhihi ANHQ            (2-2) 
Where: Nqu: the uplift bearing capacity factor in sand (Figure 2.6b); Qhi: the helical plate 
uplift capacity at depth (Hhi) from the ground surface; Ah: helical plate area. 
Mitsch & Clemence (1985) carried out full-scale and model screw pile tests under uplift 
load and found that the breakout factor (Nqu) is a function of shear soil resistance and the 
ratio of the top helical plate depth to the plate diameter (Hh1/Dh) as shown in Figure 2.6b. 
Chattopadhyay & Pise (1986) proposed that the breakout factor (Nqu) beyond a 
characteristic relative depth ratio (Hhi/Dh) approaches a constant magnitude representing 
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a transition from a shallow to a deep mechanism which depends on the soil friction angle. 
Rasulo et al. (2017) found that the transition began at relative depth ratio (Hhi/Dh) between 
6 to 8 in loose sand and between 10 to 13 in medium dense sand. 
 
Figure 2.6: Screw pile (a) individual helical plate bearing failure model and (b) uplift 
bearing capacity factor Nqu in sand (Tsuha et al., 2012; and Mitsch & Clemence, 1985) 
 
2.4.2 Cylindrical shear method 
The cylindrical shear method is appropriate for prediction of the ultimate tension 
capacity (QT) of multiple helical plate screw piles with a low ratio of helical plate spacing 
ratio (S/Dh) so that the failure surface will occur within the soil trapped between the 
helical plates of the screw pile (soil-soil shear) which forms a strong cylindrical failure 
mechanism determined by the helical plate diameter (Dh) rather than a weaker individual 
bearing failure. Tappenden & Sego (2007) suggested that for this method the S/Dh ratio 
should be less than 3, whereas Narasihha Rao et al. (1993) argue that this method is 
applicable for screw piles with a S/Dh equal or less than 2. 
The failure model for the screw pile, for this approach, has been assumed to form a 
cylindrical failure surface between the bottom and top helical plates (Qcf), and the bearing 
capacity of helical plates (Qh) is calculated as the resistance on the cylindrical shear 
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surface formed between the helices (Tappenden & Sego, 2007 and Nasr, 2004). Ghaly et 
al. (1991) suggested two different mechanisms. For a shallow case, the failure surface 
will continue to the ground surface (Figure 2.7a) whereas the failure surface for the deep 
case will occur within the soil (Figure 2.7b).  
 
Figure 2.7: Screw pile failure planes for (a) shallow conditions and (b) deep conditions 
(Victor & Cerato, 2008) 
 
For the shallow case, the failure surface will extend in a conical shape to the ground 
surface when the ratio of embedded depth of the top helix (Hh1) to helical plate diameter 
(Dh) is equal to or lower than critical embedded depth ratio (Hh1/Dh)cr which depends on 
soil friction angle (φ') as shown in Figure 2.8, whereas in the deep case the pile will fail 
in local shear failure when the ratio of embedded depth of the top helical plate (Hh1) to 
helical plate diameter (Dh) is higher than (Hh1/Dh)cr (Das & Shukla 2013). Zhang (1999) 
suggested that the shallow case is considered when the depth of the top helical plate is 
less than 5 Dh. 
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Figure 2.8: Screw pile critical embedment ratio (Hh1/Dh)cr variation with soil friction 
angle (Das & Shukla, 2013) 
The ultimate uplift capacity (QT) in the coarse-grained soil can be calculated by using the 
cylindrical method based on the following procedure as outlined by Mitsch and Clemence 
(1985): 
1hcfsT QQQQ           (2-3) 
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The bearing resistance on the top helical plate (Qh1) for shallow screw pile (Figure 2.7a) 
can be estimated from the following equation:  
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whereas the bearing resistance on the top helical plate (Qh1) for a deep screw pile 
(Figure 2.7b) can be estimated from the following equation:           
 
quhhh NAHQ 11            (2-7) 
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where: Qs is the screw pile shaft resistance; Qcf is the frictional resistance acting on 
cylindrical sand mass formed between the helical plates and Qh1 is the bearing resistance 
on the top helical plate, Dc is the diameter of the screw pile shaft; φ is the soil friction 
angle; δ is the interface friction angle; Ah is the helical plate area; γ' is the soil effective 
unit weight; Dh is the helical plate diameter; Ku is the lateral earth pressure coefficient in 
uplift (Figure 2.9); Nqu is the uplift bearing capacity factor (Figure 2.6b); Hh1 is the top 
helical plate depth; H3 is the bottom helical plate depth; and ws is the soil weight in the 
failure zone. 
Das & Shukla (2013) suggested the following expression to estimate the soil weight in 
the failure zone (ws) for the shallow condition: 









































2
tan2
2
tan2
2
' 1
2
1
2
1

 hhhhhhhs HDDHDDHw   (2-8) 
 
Figure 2.9: Lateral earth pressure coefficient for screw pile in uplift case (Mitsch & 
Clemence, 1989) 
 
The screw pile shaft friction above the top helical plate (Qs) should be considered in the 
capacity prediction (Equation 2-3) for a screw pile in the deep failure condition (Mitsch 
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& Clemence, 1985), whereas it can be ignored for a screw pile with a shallow failure 
mechanism (Das & Shukla, 2013). 
Nasr (2004) and Das & Shukla (2013) adopted a similar procedure to Mitsch & Clemence 
(1989). For the shallow failure case when the embedment ratio (Hh1/Dh) is less than 
(Hh1/Dh)crit, the shaft resistance (Qs) in Equation (2-3) has been ignored, and the ultimate 
uplift capacity (QT) can be expressed as follows: 
qhuhhbhT FHAKHHDQ   tan)(
2
1 2
1
2     (2-9) 
whereas, for the deep failure case when the embedment ratio (Hh1/Dh) is more than 
(Hh1/Dh)crit, the ultimate uplift capacity (QT) can be expressed as follows: 
*2
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qhuhhbhuhhsT FHAKHHDKDHPQ    (2-10) 
where: Fq: screw pile breakout factor for the shallow failure case (Figure 2.10a); and Fq*: 
deep screw pile breakout factor for the deep failure case (Figure 2.10b). 
 
Figure 2.10: Variation of the breakout factor with soil friction angle and (Hh1/Dh) ratio 
for (a) shallow screw pile and (b) deep screw pile (Das & Shukla, 2013) 
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2.5 Screw pile behaviour under axial compressive load in coarse-grained soil 
The literature regarding the prediction of the axial compressive capacity of screw piles is 
quite limited as most research has focused on predicting the axial uplift capacity. 
However, some researchers have investigated screw pile behaviour under compressive 
loads (Nasr, 2004; CFEM, 2006; Perko, 2009; Sakr, 2011; and Knappett et al., 2014). In 
this section, a summary of methods and theories to estimate the compressive capacity of 
screw piles such as the individual bearing method and the cylindrical shear failure method 
are presented. However, these methods were only developed for onshore screw piles that 
have small geometry and could be inappropriate for proposed screw piles for offshore 
applications with large dimensions (i.e. Dh ≥ 1.25 m).  
2.5.1 Individual bearing method 
The individual bearing method is appropriate for single and multiple helical plate screw 
piles with a high ratio of plate spacing to plate diameter (S/Dh) for example more than 3 
as suggested by Knappett et al. (2014). Therefore, the failure mode for each helical plate 
has a bearing capacity mechanism (Perko, 2009) as shown in Figure 2.11. 
 
Figure 2.11: Individual bearing failure model for screw pile under compressive load 
(Perko, 2009) 
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The ultimate compressive capacity of a screw pile (Qc) in uniform soil will be the sum of 
the helical plate capacities and the shaft resistance, and it can be predicted based on the 
following expression (CFEM, 2006; Perko, 2009; and Sakr 2011): 
 
n
shic QQQ         (2-11) 
  )5.01(  NDNHAQ hqhihih       (2-12) 
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    4.1tan1 qNN        (2-15) 
where: Qh is the helical plate bearing capacity; Qs is the resistance between the screw pile 
shaft and the soil; Ah is the helical plate area; Hh is the helical plate depth; Dh is the helical 
plate diameter; Dc is the screw pile shaft diameter; K is the lateral earth pressure 
coefficient; δ is the interface friction angle; φ is the soil friction angle; and Nq & Nϒ: are 
the bearing capacity factors. 
Perko (2009) suggested that the second term in Equation (2-12) can be ignored for a deep 
foundation because it is relatively small contribution such that the bearing capacity of the 
helical plate can be simplified to: 
 1 qhihih NHAQ         (2-16) 
Perko (2009) back calculated the bearing capacity factor (Nq) of helical plates based on 
54 full-scale load tests of screw piles with shaft diameter from 38 mm to 219 mm and 
helical plates of diameter from 203 mm to 762 mm. These screw pile tests results were 
compared with the bearing capacity factor (Nq) based on the equation proposed by 
Meyerhof (Equation 2-14) and the corrected Meyerhof bearing capacity factor (Nq') using 
depth and shape factors (Equation 2-17). The results showed that the Meyerhof bearing 
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capacity factor (Nq) provided an average value for the helical plate bearing capacity as 
illustrated in Figure 2.12. 
 
Figure 2.12: Bearing capacity factor for screw pile installed in sand (Perko, 2009) 
 
The corrected Meyerhof bearing capacity factor (Nq') using depth and shape factors can 
be calculated based on the following equations: 
qqqq dsNN           (2-17) 
tan1
l
b
sq          (2-18) 
 2sin1tan)arctan(21  
b
H
d hiq      (2-19) 
where: l is the foundation length; b is the foundation width; and Hhi is the helical plate 
depth. 
2.5.2 Cylindrical shear method 
Similar to the cylindrical shear method for screw piles under uplift loads (Section 2.4.2), 
this method is based on assumption that the failure mechanism in the screw pile helical 
plates happens by mobilizing the entire soil volume between the helical plates when the 
helical plates are close to each other, and the helical plate spacing to diameter ratio (S/Dh) 
is less than 3 as suggested by Knappett et al. (2014) as shown in Figure 2.13. 
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Perko (2009) highlighted that the screw pile resistance is generated by the frictional 
stresses acting along the screw pile shaft above the top helical plate, shear stresses 
surrounding the mobilised soil volume between the helical plates, and uniformly 
distributed stresses under the bottom helical plate. 
 
Figure 2.13: Cylindrical shear model for screw pile under compression load (modified 
from Nasr, 2004) 
 
 Nasr (2004) suggested a procedure to estimate the ultimate compression capacity (Qc) 
for long multi-helical plate screw piles in coarse-grained soils when the embedment ratio 
(L/Dh) is equal or more than 5. 
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Chapter 2        Literature review 
24 
 
where: Ps is the perimeter of the screw pile shaft; φ is the soil friction angle; Ah is the 
helical plate area; γ' is the soil effective unit weight; Dh is the helical plate diameter; K is 
the lateral earth pressure coefficient (Table 2.2); Hh1 is the top helical plate depth; Hb is 
the bottom helical plate depth; Leff is the effective screw pile shaft length (Hh1-Dh); and 
Nq is the bearing capacity factor. 
The lateral earth pressure coefficient (K) for driven piles depends mainly on the shearing 
resistance angle (soil friction angle and interface friction angle), amount of displacement 
and in-situ density; and its value is usually assumed to be 1.5 times the value of the 
coefficient of earth pressure at rest (Ko) for driven piles (Kulhawy, 1984) as shown in 
Table 2.2. The coefficient of earth pressure at rest (Ko) is based on the Equation (2-24).  
Nasr (2004) assumed that the values of K for driven piles could be used to calculate the 
shaft resistance (Qs) and cylindrical shearing resistance between the top and bottom 
helical plates (Qcf) for screw pile in Equations (2-21) and (2-22) respectively. 
sinKo 1          (2-24) 
 
 
Table 2.2: Lateral earth pressure coefficient values, K (Kulhawy, 1984) 
 
 
 
 
 
 
 
2.6 Torque-based design 
The installation torque has been used widely to verify the screw pile capacity. Tsuha et 
al. (2010) indicated that the relationship between uplift capacity and installation torque is 
used as a guide for on-site quality control. Hoyt and Clemence (1989) proposed a torque 
correlation method based on experience and empirical data which relates the installation 
torque (T) of the screw pile to the ultimate tension capacity (QT) using the following 
equation: 
TkQ tt           (2-25) 
Installation method K/Ko 
Small displacement piles (Dc <219mm) 0.75-1.25 
Large displacement piles (Dc ≥219mm) 1.0 – 2.0 
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where: Qt is the screw pile uplift capacity; kt is the empirical torque factor (kt =33m
-1 for 
all screw piles with square shaft and kt values are shown in Table 2.3 for screw piles with 
a round shaft); and T is the required torque for screw pile installation (Tsuha et al., 2007). 
Table 2.3: Empirical torque factor (kt) value for round anchor pile according to the pile 
shaft diameter (adapted from Hoyt & Clemence, 1989) 
Pile shaft diameter, Dc (mm) kt (m
-1) 
Less than 89 33 
89 23 
89-219 9.8 
 
Hoyt & Clemence (1989) analysed 91 tests on helical anchor piles which have a wide 
range of depth to diameter ratio H/Dh (5.1 to 134) and helical plate numbers (2 to 14) with 
core or shaft diameter varying from 152 to 508mm, at 24 various sites with clay, silt and 
sandy soils. Hoyt & Clemence (1989) suggested that factor kt in Equation (2-25) is a 
constant value and depends mainly on the shaft diameter (Dc) of the screw pile as shown 
in Table 2.3.  
 
Figure 2.14: Accuracy of calculated screw pile capacity based on torque correlation based 
design (Hoyt & Clemence, 1989) 
 
Figure 2.14 shows the reliability of torque-based design to predict the screw pile uplift 
capacity (Qt). The results from the torque correlation method were more consistent than 
both the cylindrical shear and individual bearing methods. Hence, the installation torque 
can be estimated based on the empirical torque factor and screw pile capacity that should 
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be estimated using the cylindrical shear or individual bearing methods based on screw 
pile failure shape. The ability to accurately predict installation torque is important for the 
design of screw piles for offshore use or the development of appropriate installation plant 
with the required torque capabilities in different soils. 
However, Byrne & Houlsby (2015) suggested the use of a dimensionless torque ratio for 
screw pile under tension and compression loading to represent the empirical torque factor 
(kt) and (kc) respectively. They argued that the use of empirical torque factor with a bizarre 
unit of length (m-1) is not acceptable to be used for screw pile design and a dimensionless 
group (capacity * helical plate diameter/installation torque) should be used instead of 
(capacity/installation torque). 
T
DQ
k htt           (2-26) 
T
DQ
k hcc           (2-27) 
Based on onshore full scale and model scale tests results of screw piles with core diameter 
(Dc) of 0.3 m and helical plate diameter (Dh) up to 0.9 m gathered from different sources 
by Perko (2009), the average value of empirical torque factor (k) is 8.23 for screw pile 
under tension loading and 6.66 for screw pile under compression loading (Houlsby, 
2016). 
Tsuha et al. (2007) expressed the following relationship between the installation torque 
resistance (T) and the uplift capacity of the screw pile (QT) as shown in Figure 2.15. 
hsT QQQ           (2-28) 
hs TTT            (2-29)
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where: Ts is the shaft resistance torque; Th is the helical plate resistance torque; dc is the 
diameter corresponding to the area of the helical plate surface; δ is the residual interface 
friction angle; Dc is the diameter of the screw pile shaft; Dh is the helical plate diameter; 
p is the helical plate pitch; and Ѱ is the inclination angle of the helical plate. 
 
Figure 2.15: Installation torque and uplift load acting on screw pile (Tsuha et al., 2007) 
 
Tsuha et al. ( 2007) confirmed this procedure is appropriate for screw piles which have 
one or more identical helical plates in uniform dry sand with helical plate spacing equal 
to or more than three times the helical plate diameter (S ≥ 3Dh). 
Perko (2009) proposed an equation to estimate the torque empirical factor (k) for screw 
pile under compression and tension loading based on 197 field tests and related these 
values to the effective shaft diameter (deff) as shown in Figure 2.16:   
92.0
eff
k
d
k

          (2-34) 
Where λk is a fitting factor (λk=1433 mm0.92/m); and deff is the effective shaft diameter. 
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The effective shaft diameter (deff) is equal to shaft diameter (Dc) for screw pile with a 
circular shaft, and hole diameter that would be created during the installation for screw 
pile with a square shaft. Equation 2-34 represents the best fit line for the variation of the 
empirical factor (k) with screw pile shaft diameter (Dc) under compression and tension 
load. The results showed that the empirical factor (k) significantly decreases from 120 m-
1 to 20 m-1 with increasing screw pile shaft diameter (Dc) from 20 to 100 mm whereas it 
maintained a steady value (k< 10) for screw piles with shaft diameter more than 200 mm 
as shown in Figure 2.16. 
 
 
Figure 2.16: Relationship between the empirical capacity to torque ratio and screw pile 
shaft diameter (Perko, 2009) 
 
2.7 Screw pile installation torque predictions 
The installation of the screw pile involves applying a vertical downward force (V) in 
addition to the torque (T) at the top of the screw pile shaft by an auger machine that can 
apply a rotation and vertical displacement as shown in Figure 2.17. However, the vertical 
penetration speed must be synchronised with the rotation rate, so that the screw pile 
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moves a downward distance equal to the helical plate pitch (p) per a single full rotation 
(Perko, 2000 and Tsuha et al., 2012). The axial vertical force (or crowding force) is used 
to ensure this stable movement of the screw pile in the soil although this force is not 
typically recorded during installation. Also, the spacing between the helical plates (S) 
must be in increments of the helical plate pitch (p) in order to permit the helical plates to 
track the same path through the soil during screw pile installation (Perko, 2009). This 
procedure minimises the required installation force and torque, and soil disturbance. 
 
 
Figure 2.17: Installation of typical screw pile (photo courtesy of Iron Brothers Ltd.) 
 
 
2.7.1 Theoretical model for installation force and torque estimation 
Ghaly & Hanna (1991) carried out 1g tests on five single helical plate screw pile models 
with different geometrical properties to determine the effects of geometry on the 
installation torque in loose, medium and dense sand with relative density 20%, 52% and 
83% respectively. Figure 2.18 and Table 2.4 shows the screw pile geometries that were 
used in the experiments.  
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Figure 2.18: Geometry of the screw pile models with (a) small pitch, (b) medium pitch, 
(c) large pitch, (d) multi equal pitches, and (e) multivariable pitches  (after Ghaly & 
Hanna, 1991) 
 
Table 2.4: Screw piles model properties (after Ghaly & Hanna, 1991) 
Type Screw Pile 
Pitch 
No. 
Helix outer 
diameter 
(mm) 
Pitch 
(mm) 
Shaft 
diameter 
(mm) 
Helix 
Thickness 
(mm) 
1 
One small pitch 
screw pile. 
1 50 10 10 2.5 
2 
One medium pitch 
screw pile. 
1 50 15 10 2.5 
3 
One large pitch 
screw pile. 
1 50 20 10 2.5 
4 
Multi equal 
pitches screw pile. 
3 50 15 10 2.5 
5 
Multi variable 
pitches screw pile. 
3 50 Variable 10 2.5 
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Ghaly & Hanna (1991) noticed that the installation torque of the screw pile increased with 
pitch to helical plate diameter ratio (p/Dh), the helical plate angle (tan
-1p/πDh), installation 
depth and shearing resistance angle of the sand (Figure 2.19). Ghaly & Hanna (1991) 
considered the ratio of p/Dh as the main factor that affects the required torque as 
increasing this ratio led to an increase in the helical plate surface area resulting in a 
significant increase in the tangent components of the lateral earth pressure on the helical 
plate. 
 
 
Figure 2.19: Installation torque with depth for screw pile in dense, medium and loose sand 
(after Ghaly & Hanna, 1991) 
 
Ghaly & Hanna (1991) proposed a theoretical model method to calculate the torque (T) 
and the installation vertical force (FV) that are required to install a screw pile in sand based 
on the ratio of helical plate pitch to the helical plate diameter (p/Dh), the helical plate 
angle (Ψ =tan-1p/πDh) and the screw pile configuration (shaft diameter (Dc), helical plate 
diameter (Dh), etc.). Based on their theoretical model, the required installation torque can 
be estimated from the following equation: 
7654321 TTTTTTTT        (2-35) 
where T1 is the moment resistance applied to the screw pile shaft, T2 and T3 are the 
moment resistances generated on the screw pile helical plate, T4 is the moment resistance 
generated on the upper surface of the screw pile helical plate, T5 is the moment resistance 
generated on the lower surface of the screw pile helical plate, T6 is the moment resistance 
due to the bearing forces generated on the entire helical plate pitch height and T7 is the 
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moment resistance generated on the outer circumference of the screw pile helical plate 
thickness as shown in Figure 2.20. 
 
Figure 2.20: Installation resistance forces acting on a single helical plate screw pile 
(modified from Ghaly & Hanna, 1991) 
 
Based on the theoretical model proposed by Ghaly & Hanna (1991), the torque 
components can be estimated based on the following equations: 
)
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where: Ka is the active earth pressure coefficient [Ka=(1-sin φ)/ (1-sin φ)]; Kp is the 
passive earth pressure coefficient (1/Ka); Kp' is the modified passive earth pressure 
coefficient (Kpʹ=0.3 Kp); Ah is the real surface area of the screw pile helical plate; Dc is 
the screw pile shaft diameter; δ is the interface friction angle between the screw pile and 
the soil (δ=(3/4) φ); Ѱ is screw pile helical plate angle (Ѱ=tan-1(p/πDh)); Ah net is the net 
surface area of the screw pile helical plate; and p is the helical plate pitch. 
The net surface area of the screw pile helical plate (Ah net) according to Ghaly & Hanna 
(1991) was determined based on the actual inclined surface of the helical plate along the 
helical plate's pitch (p) using the following equation: 
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A reduction in the passive earth pressure (Kp) was noticed based on a study carried out 
by Clemence and Pepe (1984) by measuring the lateral earth pressure coefficient after the 
installation of screw pile in sand with different densities. The stress cells which were 
placed in sand at different depths with 76 mm distance from the screw pile shaft. The 
results showed that the lateral stress developed after screw pile installation was in the 
order of 0.2-0.3 and 0.4-0.5 of the full passive earth pressure (Kp) in medium dense and 
dense sand respectively. Ghaly & Hanna (1991) used value of 0.3 Kp for the modified 
passive earth pressure (Kpʹ) in the proposed method to predict the installation torque. 
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Ghaly & Hanna (1991) suggested that the required installation axial force (Fv) during the 
installation of a screw pile can be estimated from the following equation: 
4321 vvvvv FFFFF         (2-45) 
where Fv1 is the vertical resistance of the screw pile shaft; FV2 is the vertical resistance on 
the soil column above the screw pile helical plate; FV3 is the resistance of the lower surface 
of the screw pile helical plate due to passive bearing resistance; and FV4 is the resistance 
due to the active earth pressure applied on the upper surface of the screw pile helical plate, 
and they are given by the following equations: 
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1 50        (2-46)
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)cos(ALkF hpv 3         (2-48)
)cos(ALkF hav 4         (2-49) 
Sakr (2015) suggested a variation of the approach proposed by Ghaly & Hanna (1991) 
which used the effective stresses instead of the total stresses and replaced the modified 
passive earth pressure coefficient (Kp') with the full value of passive earth pressure 
coefficient (Kp). Also, another equation was proposed to account for the torque due to 
leading edge penetration of the screw pile helical plates into the soil: 
4
)()('8
h
chqchhi
t
DDNDDHT         (2-50) 
where: Nq is the bearing capacity factor. 
This proposed method by Ghaly & Hanna (1991) to predict the installation force (Fv) and 
torque (T) of screw piles adopted the use of a modified passive earth pressure coefficient 
(Kp' = 0.3 Kp)  to account for the soil disturbance during the screw pile installation which 
is considered crucial for the physical modelling of the screw pile (Tsuha, 2016).  
However, the proposed theoretical model methods by Ghaly & Hanna (1991) and 
Sakr (2015) were validated against measured torque from field tests for a screw pile that 
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has 0.406 m core diameter (Dc) and two helical plates of 0.813 m diameter (Dh) installed 
in saturated dense sand. The results showed that the estimated torque based on the method 
proposed by Sakr (2015) was in good agreement with the field test results of a screw pile 
in saturated dense sand (ST32) whereas the estimated torque based on the method 
proposed by Ghaly & Hanna (1991) overpredicted the installation torque as shown in 
Figure 2.21. This difference is mainly due to the use of the total soil stresses by Ghaly & 
Hanna (1991) in their proposed theoretical model whereas Sakr (2015) adopted the 
effective stresses to account for the effect of water. However, this verification was carried 
out for a single case screw pile to predict the required torque over the installation depth 
with limited number of helical plates (i.e. two helical plates). Also, the proposed 
theoretical model method for the installation vertical force was not verified by Ghaly & 
Hanna (1991) and Sakr (2015). 
 
 
Figure 2.21: The measured torque of a double helical plate screw pile (ST32) in 
comparison to the predicted torque using the methods by Ghaly & Hanna (1991) and Sakr 
(2015) 
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2.7.2 CPT-based prediction of installation torque 
An existing torque to CPT (qc) correlation proposed by Gavin et al. (2013) is based on 
earlier work by Tsuha and Aoki (2010) on the relationship between uplift capacity and 
torque correlation factors, as shown in Equation (2-49). 
 
22
rhhcs DQDQT
 
        (2-51) 
where ѱ and r are the helix angle (Equation 2-31) and interface friction angles 
respectively, and Qs and Qh are the shaft and helical plate uplift capacities respectively, 
determined using the following equations: 
LDqQ csavs           (2-52) 
2
huph DqQ           (2-53) 
where qsav is the average shaft resistance (qsav = 0.6fs); fs is the Sleeve frictional resistance 
of the CPT; qup is the helix uplift resistance (qup = 0.065qc); and qc is the CPT cone 
resistance. 
Spagnoli (2017) suggested a variation of the approach proposed by Gavin et al. (2013) 
which replaced the helix diameter (Dh) in equation (2-49) with the circle diameter (dc) 
corresponding to the helix area (Equation 2-32), as shown in the following equation. 
 
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 
        (2-54) 
The shaft capacity (Qs) in Equation (2-52) is determined using the Equation (2-50), while 
the helix capacity is calculated based on the Equations (2-53) and (2-54).  
huph AqQ           (2-55) 
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where Ah is the helical plate area. 
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Spagnoli (2017) used the same empirical factors proposed by Gavin et al. (2013) to 
determine the shaft and helix resistances but suggests that the cone resistance is averaged 
over a distance of 1.5 helical plate diameters (1.5Dh) below the pile tip (i.e. qcav is used 
instead of qc). This proposed method by Spagnoli (2017) was verified against field work 
of Gavin et al. (2013) for five screw piles in sand. These piles had a core diameter of 
0.11 m and a helical plate with diameters of 0.4 m and pitch of 0.1 m as shown in Figure 
2.22a. The total screw pile length was 3.07 m and the helical plate was placed at a distance 
of 0.13 m above the screw pile tip which was installed in medium dense to dense sand. 
The results showed a good prediction of the installation torque with depth as shown in 
Figure 2.22b.  However, this method proposed by Gavin et al. (2013) and modified by 
Spagnoli (2017) is only valid for a screw pile with a single helical plate and it was verified 
against a full-scale field test for a single helical plate screw pile to estimate the installation 
torque in medium dense to dense sand up to depth of 4.5 m. 
 
 
Figure 2.22: Details of (a) the single helical plate screw pile (SHP) and (b) the measured 
torque in comparison with the predicted torque (Gavin et al., 2013; and Spagnoli, 2017) 
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2.8 1g and Centrifuge modelling of piles 
Centrifuge modelling has been considered as a key tool in geotechnical engineering in 
order to quantify and identify mechanisms and calibrate analysis for pile foundations 
(Abdoun & Dobry, 2002). Pile model behaviour at 1g can have a significantly different 
failure mechanism in comparison with that carried out at higher g level. Mikasa & Takada 
(1973) carried out 1g tests and centrifuge tests (at 40g) on straight-shafted pile models to 
investigate the effect of the soil stress level on the straight-shafted pile behaviour and the 
change in the failure mechanism. The results showed that a shallow failure mechanism 
occurred when the pile model test carried out at 1g as the failure slip lines under the pile 
tip extended towards the sand surface whereas a deep failure mechanism happened for 
the model piles tested at 40g so that the failure slip lines of the pile tip extended towards 
the penetration direction as shown in Figure 2.23. 
 
Figure 2.23: Sand particle movement during model pile penetration in (a) 1g test and (b) 
40g centrifuge test (Mikasa & Takada, 1973) 
 
However, most of the studies on screw piles were performed using small-scale models 
and tested at 1g (Ghaly et al., 1991; Ghaly & Hanna, 1992; Ghaly & Clemence, 1998; 
Knappett et al., 2014) due to the cost, effort and time that are required for full-scale screw 
pile studies. In spite of that, there are many studies using centrifuge modelling to 
investigate screw pile performance (Levesque, et al., 2003; Tsuha, 2007; Bian et al., 2008; 
Wang et al., 2010; Wang et al., 2013; Urabe et al., 2015), and there are a limited number 
of studies carried out with installation and testing of screw pile models in one inflight 
operation (Tsuha, 2007; and Schiavon et al., 2016). 
The first study on screw piles using centrifuge modelling was conducted by Levesque et 
al. (2003) to investigate the uplift capacity of double helix, anchor pile models with 7mm 
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and 15mm diameter for top and bottom helices respectively and 30mm spacing between 
the helical plates in loose and dense sand. Tests were undertaken at 13.5g and 20g. The 
installation phase was divided into three stages: the first stage was conducted by installing 
the screw piles in flight, the centrifuge was stopped to disconnect the screw pile from the 
platform and attach a load cell in the second stage, and then the centrifuge was spun up 
again, and the screw pile was pulled out in the third stage. 
Levesque et al. (2003) compared the results of centrifuge tests for uplift capacity (Qu mea.) 
with calculated capacity (Qu cal.) based on the method proposed by Mitsch & Clemence 
(1985). Levesque et al. (2003) estimated the screw pile capacity based on the failure 
surface assumption above top helical plate: cone or cylindrical failure surface assumption 
using Equations 2-6 and 2-7 respectively. Tables 2.5 to 2.7 show the average results of 
13 centrifuge tests in loose sand (Dr = 20%) and 15 centrifuge tests in very dense sand 
(Dr = 87%). It was found that the method proposed by Mitsch & Clemence (1985) gave 
an under-estimation of the uplift capacity of screw piles in loose sand as the ratio of 
measured to predicted uplift capacities was in the range 0.45 to 0.96 whereas it over-
predicted in dense sand as the ratio of measured to predicted uplift capacities was in the 
range 1.08 to 1.74 ( Tables 2.6 and 2.7). 
 
Table 2.5: Average centrifuge tests results in loose sand (Dr = 20%) for different depth to 
helical plate diameter ratios (Hh1/Dh) of screw piles (Levesque, 2002) 
Hh/Dh Centrifuge  
g level 
Displacement 
(mm) 
Uplift capacity 
Qu mea.  (kN) 
2 13.5 24 1.28 
4 13.5 19 2.56 
 
 
Table 2.6: Comparison between centrifuge tests results and calculated capacity in loose 
sand (Dr = 20%) for different depth to helical plate diameter ratios (Hh1/Dh) of screw piles 
(Levesque, 2002)  
Failure surface assumption 
above top helical plate 
Hh/Dh Uplift 
capacity 
Qu mea. (kN) 
Calculated 
capacity 
Qu cal (kN)  
Qu mea./Qu cal. 
Cone failure surface 2 1.28 1.684 0.76 
Cylinder failure surface 2 1.28 1.322 0.96 
Cone failure surface 4 2.56 5.743 0.45 
Cylinder failure surface 4 2.56 3.489 0.73 
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Table 2.7: Average centrifuge tests results and calculated capacity in dense sand 
(Dr = 87%) based on cylindrical failure surface assumption for different depth to helical 
plate diameter ratios (Hh1/Dh) of screw piles (Levesque, 2002) 
H/Dh Centrifuge  
g level 
Displacement 
(mm) 
Uplift 
capacity 
Qu mea.  (kN) 
Calculated 
capacity 
Qu cal (kN)  
Qu mea./Qu cal. 
2 13.5 44 5.24 3.018 1.74 
4 13.5 43 12.93 11.964 1.08 
2 20 36 16.29 10.145 1.61 
 
Tsuha et al. (2007) tested 9 different geometry screw pile models with three different steel 
helical plate diameters Dh (10, 15 and 20 mm) of 0.75mm thickness (th =0.75 mm) with 
a constant helical plate spacing ratio (S/Dh=3.0) in two dry sand samples at two different 
relative densities (56% and 85%). Based on the centrifuge tests results, the relationship 
between the uplift capacity of screw piles and the installation torque was investigated for 
the helical plate component only. The effects of the screw pile shaft were eliminated by 
the authors as the uplift capacity for the no helical plate case (straight-shafted pile) was 
subtracted from the uplift capacity of the screw pile. The shaft uplift capacity was ignored 
in order to avoid the scale effects of the screw pile shaft as the shaft diameter to sand 
mean particle size ratio (Dc/D50) was varied from 10 to 20 (Tsuha et al., 2007). In these 
tests, the screw piles were installed at a depth of 280 mm in centrifuge tests at 22g. 
However, during the installation of the screw pile models, buckling was recorded in the 
helical plates (0.75 mm thickness) for screw piles with shaft diameters of 3 and 6 mm as 
can be seen in Figure 2.24. This problem was solved by dividing the installation phase 
into two stages: the first stage was conducted by installing the screw piles at 1g, and the 
last 60 mm of the screw piles length was installed at 22g as shown in Figure 2.25. It was 
assumed that this change in experimental procedure did not affect the results and Tsuha 
et al. (2013) suggested that the confining stress developed during installation could be 
obtained at the last stage of screw pile installation and during the tests. However, the 
confining stress levels were not verified. 
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Figure 2.24: Screw pile damaged after penetration of 280 mm in dense sand (Dr = 85%) 
for 22g centrifuge tests (after Tsuha, 2007) 
 
 
 
Figure 2.25: Installation and pull out tests results of a 3mm shaft diameter screw pile with 
3 helical plates (10 mm diameter) in dense sand (Dr = 85%) at 1g and 22g at model scale 
(after Tsuha et al. ,2007) 
 
Figure 2.26 depicts the pull-out force against the vertical displacement for 22g centrifuge 
tests at prototype scale. Tsuha et al. (2012) highlight that the number of the helical plates 
with a diameter (440 mm) has a negligible effect on the uplift force-displacement 
behaviour of the tested anchors as shown in Figure 2.26c. The authors attributed this to 
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the soil disturbance which resulted from the screw pile installation in dense sand 
(Dr=85%) for large helical plate diameters (440 mm). 
 
 
Figure 2.26: Pull out tests results for 132 mm screw pile shaft diameter with (a) 214 mm, 
(b) 326mm and (c) 440 mm helical plate diameters in dense sand (Dr = 85%) at prototype 
scale (after Tsuha et al., 2012) 
 
According to Taylor (1995), the pile installation in the centrifuge must be conducted in 
flight so that the stress regime around the pile can be established and simulate the stress 
in the field prototype. Also, serious errors can occur in the estimation of the pile bearing 
capacity if there are different values for the g levels between the installation and the 
testing. Ko et al. (1984) installed and tested two models of normal straight piles pushed 
in a dense sand sample in the centrifuge to measure axial bearing capacity. The first model 
was installed at 1g and tested at 70g while the second model was installed and tested at 
the same g level in flight (70g), and the results indicated there is a significant difference 
between the two methods as shown in Figure 2.27. 
 
Figure 2.27: Pile installation effect in centrifuge modelling at different g level (after Ko 
et al., 1984) 
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Generally, different settlement develops between the model and the soil when the models 
of the structure (piles) are installed in the centrifuge before rotating (at 1g). Moreover, as 
the initial stress before the loading state is unknown in the centrifuge, it can be difficult 
to compare the results of the numerical analysis with the centrifuge tests. Rezende et al. 
(1998) investigated the installation effect of single pile in loose, medium and dense sands 
before flight in the centrifuge. Based on the centrifuge tests results, it was found that 
negative skin friction developed during pile loading tests as the centrifuge accelerated 
when the pile model is installed at 1g. Rezende et al. (1998) recommended that pile 
models need to be installed inflight in order to eliminate the effect of negative skin 
friction. 
 
2.9 Finite element analysis of screw piles 
The finite element method has been used by several authors (Kurian & Shah, 2009; and 
Knappett et al., 2014) to simulate screw pile behaviour under axial and lateral loads based 
on the laboratory or field test data. 
The geometry of a circular pile installed vertically into soil under vertical and lateral loads 
can be analysed axisymmetrically with 2D finite element approaches and for full 
geometry with 3D FEA. Knappett et al. (2014) used Plaxis 2D 2012 Finite Element Suite 
to simulate screw pile behaviour under axial compression loads, and these results were 
validated with laboratory tests of small-scale screw pile models (Dc = 14 mm & 
Dh = 45.5 mm). The installation effects were not considered, and the screw piles were 
modelled axisymmetrically in 2D-FEA as shown in Figure 2.28a. A linear elastic section 
with equivalent axial stiffness (EA) was used to represent the screw pile shaft whereas 
elastic plate elements with the same bending stiffness (EI) were used to represent the 
screw pile helical plates. The screw pile and the soil interface were set with 
roughness/interface properties (δʹ/φʹ≈0.9). The HS small constitutive model that has been 
calibrated by Al-Defae et al. (2013) for the UoD HST95 silica sand was used to simulate 
soil behaviour. The comparison of load and displacement curves between the 1g lab tests 
and 2D-FEA modelling of screw pile under compression loading showed a good match 
for screw piles installed in loose and dense sand at low deflection levels (up to 5% Dh) as 
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illustrated in Figure 2.29a. However, the 2D-FEA modelling results overestimated the 
screw pile capacity at higher deflection levels (more than 5% Dh) which are also shown 
in the study of FEA modelling of continuous helical displacement (CHD) piles 
investigated by Knappett et al. (2016). 
Also, Knappett et al. (2014) used the 2D-FEM to model screw piles with different helical 
plate numbers as shown in Figure 2.28b to investigate the helical plate spacing ratio (S/Dh) 
effects on the screw pile compressive capacity in dense sand (Dr = 71%). The results 
showed that the optimum helical plates spacing ratio (S/Dh) for the compressive capacity 
is approximately 3 in agreement with suggested value by Lutenegger (2011), with a minor 
increase in compressive capacity on adding more helical plates as shown in Figure 2.29b. 
However, this finding is based on simulation of model-scale screw piles with helical plate 
diameters up to 62 mm in dense sand with rough interface properties between the sand 
and screw pile. Therefore, it is necessary to verify helical plates spacing ratio (S/Dh) 
against full-scale screw piles or centrifuge tests of model screw piles. 
 
 
Figure 2.28: Details of screw pile under compressive loading for (a) geometry and model 
boundaries in Plaxis 2D and (b) the shear strains induced in the surrounding soil with 
different S/Dh ratios (Knappett et al., 2014)  
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Figure 2.29: FEM results of (a) model screw pile tests simulation and (b) relationship 
between the normalised screw pile compression capacity and helical plate spacing ratio 
(S/Dh) (Knappett et al., 2014) 
 
Knappett et al. (2016) also used the 2D-FEM to model continuous helical displacement 
(CHD) piles under compressive load in loose and dense sand (Dr = 17 & 78%) based on 
different modelling assumptions. An assumption was made by Knappett et al. (2016) to 
change the sand density surrounding the pile up to a distance of 3.3 pile diameters from 
the pile centre to model the pile installation based on the results of CPTs carried out close 
to the installed pile models. The soil modification (i.e. the change of sand relative density) 
is considered crucial for the numerical modelling of the screw pile in order to simulate 
the installation effects on the penetrated soil (Tsuha, 2016). The results of the numerical 
modelling showed that the modelling of the pile installation (using sand density change) 
significantly increased the pile capacity to slightly over-predict the measured results in 
loose sand as shown in Figure 2.30a. However, the modelling of the pile installation based 
sand density change has a minor effect on the pile capacity in dense sand as shown in 
Figure 2.30b. This difference is due to the pile installation effects on the surrounding sand 
as the results of the CPT carried out at distance up to pile diameter (0-1 Dc) after the pile 
installation showed that the relative density was nearly doubled in loose sand whereas 
there were very slight differences in the average relative density in dense sand. 
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Figure 2.30: Load-settlement curve estimation at the model CHD pile head in (a) loose 
sand (Dr = 17%) and (b) dense sand (Dr = 78%) and (Knappett et al., 2014) 
 
 
2.10 Pile installation method effect on the power consumption 
The use of a large pile driver for offshore pile installation requires very high power in 
order to overcome the pile frictional resistance during pile penetration into the seabed to 
the desired depth (Nehls et al., 2007). Power consumption during pile installation is 
significantly influenced by the installation method. Deeks (2008) carried out a series of 
centrifuge tests using straight-shafted model piles with diameter 9.5 mm (0.38 m at 
prototype scale) installed using the pushed method and rotation method with different 
installation pitches (p) and the same penetration rate of 30 mm/min. The work done 
(W.D.) during the pile installation can be calculated using the following expression: 






 pT
D
FdwTddwF.D.W
c
vv
2
      (2-57) 
where Fv is the vertical installation force; T is the installation torque; dw is the penetration 
rate during the pile installation; dθ is the angular velocity of the rotated pile; and p is the 
installation pitch (p=0 for pushed pile). 
The results showed that the pile installed using the rotation method is less efficient than 
the pile installed using the pushed method in terms of work done (W.D.) and the W.D. 
increases with increasing the pile installation pitch (p) as shown in Figure 2.31. Hence, 
Deeks (2008) concluded that the further increase of the pile installation pitch would waste 
greater work in pile rotation. 
Chapter 2        Literature review 
47 
 
 
Figure 2.31: The relationship between the normalised work done per metre of pile vertical 
displacement at the pile installation end and the installation pitch (Deeks, 2008) 
The screw pile should penetrate the soil at a constant rate equal to the helical plate pitch 
(p) per full rotation and this installation procedure is recommended to minimize the soil 
disturbance during the screw pile installation (Perko, 2000; Tsuha et al., 2012; and 
Lutenegger et al., 2014). In the field, the screw pile should ideally be installed at a 
penetration rate per revolution of the screw pile (v) as a ratio of the helical plate pitch (p) 
which should satisfy: (0.85p < v < 1.15p) according to BS 8004 (2015). In order to reduce 
the work done during the screw pile installation, a small value for screw pile installation 
pitch should be selected based on the vertical installation rate and rotation of the screw 
pile during the installation. The helical plate pitch (p) of the onshore screw piles is varied 
from 25.4 mm to 152 mm with variation of the helical plate diameter (Dh) from 76.2 mm 
to 1016 mm (Perko, 2009; and Sakr 2010b). Perko (2009) stated that screw pile should 
be smoothly advanced into the soil with a typical rotation rate lower than 30 rpm, 
whereas, according to BS 8004 (2015), the screw pile rotation speed should not exceed 
20 rpm. 
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2.11 Summary 
Previously proposed methods for onshore screw pile design were reviewed in this chapter. 
These methods may not adequately estimate the force and torque during the installation 
and loading of screw piles with large dimensions (scaled-up onshore screw pile) that will 
be proposed for offshore foundations. Points arising from the literature review were 
summarised as following: 
1- The theoretical method to predict the installation torque proposed by Ghaly & 
Hanna (1991) and modified by Sakr (2014) was proposed for onshore screw pile 
and validated against the field test of screw pile with low helical plate numbers 
(single and double helical plates). 
2- The CPT method to estimate the installation torque proposed by Gavin et al. 
(2013) and modified by Spagnoli (2017) was validated against field tests of screw 
pile with small dimensions and only valid for a single helical plate screw pile. 
3- No previous study reported or discussed the required vertical force (Fv) exerted 
during the installation of the screw pile in order to maintain a constant penetration 
rate for the screw pile during the installation and its effect on torque generation 
and prediction. 
4- The empirical factor (Kt) that correlates the installation torque to the screw pile 
capacity may not adequately estimate the screw pile capacity as it ignores screw 
pile and soil parameters. 
The following is a summary of proposed points which require further investigation: 
 Determine the optimum helical plate spacing ratio (S/Dh) of screw piles under 
compression loading based on the numerical modelling of full-scale screw piles 
in sand with different relative densities and confirm the results based on the 
centrifuge tests of model screw piles. 
 Appropriate methods are required to predict the force (Fv) and torque (T) that are 
required to install screw piles with large helical plates over penetration depth 
based on effective stress design and cone penetration test data (CPT). 
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 Appropriate methods are required in order to estimate the compression capacity 
(Qc) of screw piles with large helical plates based on effective stress design and 
cone penetration test data (CPT). 
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Chapter 3: Numerical modelling methodology and verification 
3.1 Introduction 
The finite element analysis (FEM) method has previously been used to investigate screw 
pile behaviour under axial and lateral loading (Knappett et al., 2014; Abdelghany & El 
Nagar, 2014; and Salhi et al., 2013). In this thesis, Plaxis 2D Finite Element Analysis (2D 
FEM) Suite (version 2012) was used to investigate various factors that have a critical 
influence on the screw pile performance. These factors included the helical plate spacing 
to helical plate diameter ratio (S/Dh) and helical plate diameter to core diameter ratio 
(Dh/Dc) under axial compression loading in different sand relative densities (31%, 55% 
and 73%). 
Also, Plaxis 3D Finite Element Analysis (3D FEM) Suite (version 2013) was initially 
used to investigate the upper helical plate position (situated close to the surface) on the 
lateral performance of screw piles. The 3D FEM was also employed to investigate the 
behaviour of screw piles with multiple helical plates (S/Dh < 2) under lateral, axial and 
combined loading in comparison to straight-shafted piles (with the same shaft diameter) 
in saturated dense sand (Dr = 80%). The helical plate spacing ratio (S/Dh) for all the screw 
pile was kept lower than two (S/Dh < 2) so that a cylindrical shear failure mechanism will 
be formed when the screw pile subjected to axial loading (Seider, 2004 and Knappett et 
al., 2013). This study focused on modelling the screw piles in dense sand as Byrne and 
Houlsby (2003) reviewed many different locations which were released for the first phase 
of wind farms (Round I) around the UK and it was found that the ground conditions 
consisted mainly of sandy soil. 
This chapter outlines the FEM modelling approach (2D and 3D) that was used in this 
thesis for modelling the screw pile and the validation of this approach against field test 
data of previously studies. The effects of helical plate inclination on the screw pile 
performance under lateral and axial loading was also investigated. 
3.2 Soil constitutive model 
The soil in this study was modelled using the “Hardening soil with small strain stiffness” 
(HS Small) constitutive model (Schanz et al., 1999) based upon recent verification and 
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calibration work undertaken at the University of Dundee (Al-Defae et al., 2013 and 
Knappett et al., 2016). This elasto-plastic model is able to capture the increase of stiffness 
with effective confining stress and degradation with increasing strain, along with 
increased stiffness during unloading-reloading compared to virgin loading. This non-
linear elastic behaviour is coupled with a hardening plasticity model in which the yield 
surface evolves (hardens) with volumetric and deviatoric strain. It does not capture post-
peak softening at large strains, but has been shown to provide good approximations to 
field test load-displacement data over the working load range in sands for both bored piles 
(Tolooiyan & Gavin 2013) and Continuous Helical Displacement piles – a type of cast 
in-situ concrete screw pile (Knappett et al., 2016). 
Parameters for this constitutive model were selected to represent a specific test sand 
(Congleton HST95) used in previous and ongoing physical model tests of screw piles in 
sand as determined through element testing by Al-Defae et al., (2013); these are 
summarised in Table 3.1. This constitutive model was calibrated for HST95 silica sand 
(used regularly in the University of Dundee geotechnics labs and research studies) based 
on data obtained from oedometer tests and direct shear box tests, and it was verified based 
on centrifuge tests of Al-Defae (2013). Also, this model (HSSmall) has been used in 
several previous studies where FE analysis has been validated against 1g and centrifuge 
physical model testing (e.g. Al-Defae et al., 2013; Knappett et al., 2014; Aldaikh et al., 
2014; Knappett et al., 2015; and Knappett et al., 2016). 
Thirteen input parameters are required in this model to simulate soil behaviour; soil unit 
weight in dry (γd) and saturated (γsat.) conditions, three parameters of soil strength for 
effective stress: peak friction angle (ϕ ′p), apparent cohesion (c') and dilation angle (ѱ'), 
and four parameters for the soil stiffness: the oedometer loading stiffness (Eoed), the 
triaxial stiffness (E50) and the triaxial unloading/reloading stiffness (Eur) and Poisson’s 
ratio (νur). Furthermore, the parameters small-strain shear modulus (Go) and threshold 
shear strain level at 70% of Go (ɣ0.7) will be also used to incorporate the strain dependent 
stiffness model so that very small strains (below 10-5) to large strains (above 10-3) will be 
simulated. Hardin & Drnevich (1972) proposed a relationship that allows the variation in 
strain-dependent stiffness to be incorporated in the elastic behaviour and modified by 
Santos & Correia (2001) which is given by:  
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The empirical parameters stiffness exponent (m) and deviatoric stress failure ratio (Rf) 
can be used to control the stiffness parameter variation with effective stress, and the 
deviatoric confining stress at failure respectively. However, the stress-dependency of the 
stiffness moduli is accounted for in the HS small model as the stiffness will increase with 
pressure, and each reference stress (pref) is related to three input stiffnesses to allow this 
model to describe the soil behaviour more accurately. These three inputs stiffnesses are 
the oedometer loading stiffness (Eoed), the triaxial stiffness (E50) and the triaxial 
unloading/reloading stiffness (Eur) which are calculated using the following equations 
(PLAXIS Material Manual, 2013): 
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where:
ncK0  is the stress ratio when the soil is normally consolidated; E
ref is the reference 
stiffness modulus corresponding to the pref; and pref is the reference confining pressure 
(default value taken as 100kPa). 
Figure 3.1 illustrates the hyperbolic relationship between the deviatoric stress (q) and the 
vertical strain in primary triaxial loading. The failure criterion is based on the Mohr-
Coulomb criterion that involves the soil strength parameters: cohesion (c) and friction 
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angle (ϕ′).  An asymptotic value for shear strength (qa) that shown in Figure 3.1 is 
determined based on ultimate deviatoric stress (qf) as shown in the following equations: 
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where: Rf is the deviatoric stress failure ratio (default value is 0.9); qf is the ultimate 
deviatoric stress; and qa is an asymptotic value for shear strength. 
 
 
Figure 3.1: Hyperbolic relationship between deviatoric stress and axial strain in primary 
triaxial loading (Plaxis Material Manual, 2013) 
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Table 3.1: Soil material parameters for the FEM study 
Soil parameters HST95 (Al-Defae et al., 
2013)* 
Drainage type Drained 
Oedometer stiffness, Eoedref (kPa), at p’=100kPa 25Dr+20.22 (x103) 
Secant stiffness, E50ref (kPa), at p’=100kPa 1.25
ref
oedE  
Unload / reload stiffness, Eurref (kPa), at p’=100kPa 3
ref
oedE  
Friction angle, ϕ′p (degrees) 20Dr+29  
Effective cohesion intercept cref (kPa) 0.3 
Angle of dilation, ѱ (degrees) 25Dr -4   
Unload-reload Poisson’s ratio, ur  0.2 
Shear modulus at very small strains, G0ref (kPa) 50Dr+88.8 (x10
3) 
Reference shear strain (at Gs=0.722Go), 0.7 1.7Dr+0.67 (x10
-4) 
Power of stress level dependency of stiffness, m 0.6-0.1Dr 
Total unit weight, γtotal (kN/m3)  3Dr+14.5 
* Based on HST95 silica sand parameters corresponding to relative density (Dr) between 
7-93%.  
 
3.3 Numerical modelling approach (2D FEM) 
2D FEM was used to model the straight-shafted piles (SSP) and screw piles (SPs) under 
axial compressive loading based upon the axisymmetric model assumption with 15 node 
elements in saturated sand at three different relative densities (30%, 50% and 70%). The 
inclination of the helical plate was neglected and modelled as a flat plate (see Section 
3.5.4), the same approach used previously by Knappett et al. (2013) for the numerical 
modelling of screw piles in 2D FE. Knappett et al. (2013) validated this approach against 
small scale laboratory tests (1g) of model screw piles under axial compression loading in 
sand at two different relative densities (25% and 73%). However, in this study, the pile-
soil interface was modelled by the strength reduction factor (Rinter) to tan/tanϕ ≈ 0.7 
based on the direct shear box interface tests results for mild steel sheared against silica 
sand reported by Lauder et al. (2013). The interface reduction factor (Rinter) reduces the 
strength parameters of the soil at the pile-soil interface as shown in the following 
equations: 
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soilerint tanRtan            (3-7) 
soilerinti cRc            (3-8) 
Where ϕ′soil is the soil friction angle; δ is the interface friction angle; csoil is the soil 
cohesion; ci is the interface cohesion; and Rinter is the interface reduction factor. 
The pile core was modelled as a solid section with a linear elastic “non-porous”  material 
and had an equivalent axial stiffness for the model pile based on the following equation: 
equivalentpp )EA(AE           (3-9) 
In the equation above, E is the steel’s Young’s modulus (205 GPa); and Ap is the cross-
sectional area of the tubular pile shaft. This method of using a solid section for the pile 
core with an equivalent stiffness was used previously to model the pile shaft (Knappett et 
al., 2013 and Suryasentana & Lehane, 2014). Plate elements were assigned to the outside 
of the pile surface with a very low axial stiffness (EA=0.025 kN/m) to allow later 
attachment of the helical plates. The helical plates were modelled using plate elements 
having elasto-plastic material behaviour defined by the axial stiffness (EA), the bending 
stiffness (EI) and the poisson’s ratio (ν = 0.3). The thickness of the plate used for the 
helical plates (th) in the study was taken as 25 mm to limit deflection of the helical plates 
and based upon successful field deployment experience reported by Sakr (2010a). Plate 
elements were assigned to the helical plate with (i) a bending stiffness (EI) that matched 
that of the actual helical plate bending stiffness (th= 25 mm and Esteel =205 GPa); and (ii) 
a very high bending stiffness (EI) to model a rigid helical plate (th= 25 mm and 
E =205*10
4 GPa) to investigate the helical plate bending stiffness effects on the screw 
pile compression capacity. In the validation cases, this thickness (th) was chosen to match 
those used in each particular case. A summary of the typical pile parameters is shown in 
Table 3.2. 
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Table 3.2: Pile parameters for the FEM study 
Pile parameters Value 
Pile type Volume pile 
Outer pile Plate elements 
Material type Linear elastic 
Drainage Non-porous 
Unit weight, γsteel (kN/m3) 77 
Ep, equivalent Equations (3-9) and (3-10) 
Pile length, L (m) 20 
Pile diameter, Dc (m) 0.75 
Pile wall thickness, tc (mm)* 10 
Helical plate thickness, th (mm) 25 
* Only used to calculate the equivalent stiffness in Equations (3-9) & (3-10) and not used 
directly in the modelling. 
 
3.3.1 2D FEM mesh details 
The mesh was generated with local refinement for the pile geometry and surrounding soil 
to reduce the element size near the screw pile geometry and obtain accurate results. To 
achieve very fine elements surrounding the pile, a zone with dimensions of 4Dh in width 
and L+5Dh in depth around the pile was created which allowed localised mesh refinement 
close to the pile and limited the total number of elements in the analysis as shown in 
Figure 3.2. Figure 3.3 shows the generated mesh in 2D FEM for a typical screw pile with 
helical plate diameter (Dh) 2.0 m and spacing ratio S/Dh =1.75. 
Figure 3.2 shows the geometry and the boundaries of screw pile modelled in 2D FEM. 
The vertical side boundaries were fixed only in the perpendicular direction. However, the 
top boundary was free to move in all directions, whereas the bottom boundary was fully 
fixed in both directions as shown in Figure 3.2. 
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Figure 3.2: Typical 2D FEM model geometry and boundaries for a screw pile problem 
(Dh = 2.0 m, and S/Dh = 1.75) 
 
 
Figure 3.3: Typical mesh generated for a screw pile modelled in 2D FEM (Dh = 2.0 m 
and S/Dh = 1.75) 
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3.3.2 2D FEM modelling scheme 
The 2D FEM was used to investigate the helical plate spacing ratio (S/Dh) and the helical 
plate diameter to core diameter (Dh/Dc) effects on the screw pile behaviour under axial 
compressive loading. The overall pile length (L) and the pile core diameter (Dc) were kept 
constant at 20 m and 0.75 m respectively, for all pile simulations. The number of helical 
plates (N) on the screw pile was increased from 1 to 17 so that the helical plate spacing 
ratio was varied accordingly based on the helical plate diameter as shown in Figure 3.4. 
Also, the helical plate diameter (Dh) was varied from 1.0 m to 2.5 m to allow the helical 
plate diameter to core diameter (Dh/Dc) to be varied from 1.33 to 4.0 as shown in 
Figure 3.5. The piles were modelled in two stages. As in the first stage, the in-situ 
geostatic stresses were generated for Ko = 1 – sinϕ′ conditions. In the second stage, the 
pile geometry was activated for this calculation phase so that the piles were wished in 
place and the load was applied by means of line displacement at pile head (i.e. under 
displacement control) to reach pile failure. The ultimate vertical pile capacity (Vc ult) was 
based on pile head displacement equivalent to 10% of the pile core diameter 
(Dc = 750 mm); i.e. 75 mm. 
 
Figure 3.4: Helical plate spacing ratio variations of screw pile modelled in 2D FEM 
(Dh = 2.0 m) 
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Figure 3.5: Helical plate diameter to core diameter ratio variations of screw pile 
modelled in 2D FEM (Dc = 0.75 m) 
 
3.4 Numerical modelling approach (3D FEM) 
The straight-shafted piles (SSPs) and screw piles (SPs) were modelled in 3D FEM with 
10-node tetrahedral elements based upon the assumption of symmetry about the vertical 
plane in order to reduce element numbers and calculation time (Figure 3.5).Therefore, 
only a half of the pile was modelled and the screw pile helical plate inclination was 
ignored with the helical plates modelled as horizontal plates to reduce the complexity of 
model construction. Also, it has been found that helical plate inclination has a minor effect 
on the screw pile behaviour under lateral loading (see section 3.5.4 later). The HS small 
constitutive model was used to simulate soil behaviour of saturated dense sand (Dr= 80%) 
using the correlations in Table 3-1 (Al-Defae et al., 2013). The model vertical boundaries 
were set to 66 times the pile shaft diameter (Dc) in each direction from the pile centre-
line and to be compatible with minimal lateral separation specified in other similar studies 
(i.e. Bolton et al., 1999 and Phillips & Valsangkar, 1987). However, the base of the model 
was extended to eight times the screw pile helical plate diameter (Dh) below pile tip for 
all the models as verified by Knappett et al. (2016) (Figure 3.6). The top boundary was 
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free to move in all directions whereas the bottom boundary was fully fixed and the vertical 
side boundaries were allowed only vertical deformation. 
The core/shaft of each pile was initially modelled as a solid section with linear elastic 
non-porous material with equivalent axial stiffness (EA)equivalent, as shown in Equation (3-
9), and equivalent bending stiffness (EI)equivalent, as shown in Equation (3-10), as a tubular 
section of wall thickness 10 mm for axial and combined loading respectively referred to 
as a “volume pile” with 10-node tetrahedral elements. This model was recommended by 
Brinkgreve et al. (2013) to model stiff volumes in soil, bedrock layers or strong massive 
structures in the soil. 
Equivalent pile bending stiffness: 
equivalentpp )EI(IE                     (3-10) 
In the equation above; Ep is the steel’s Young’s modulus (205 GPa); and Ip is the second 
moment of area of the tubular pile shaft. Plate elements were assigned to the outside of 
the pile surface with a very low stiffness (EI = 0.002 kN.m2). These were included to 
allow subsequent attachment of the helical plates. The helical plates were modelled using 
plate elements composed of 6-node triangular elements. The deformation in the plate 
elements due to the applied load is based on Mindlin’s plate theory (Bathe, 1996). The 
thickness of the plate used for the helical plates in the study was taken as 25 mm for 
similar reasons outlined in the 2D study. A summary of the pile parameters is shown in 
Table 3.2. 
The pile-soil interfaces were modelled using 12-node interface elements with a Mohr-
Coulomb model compatible with the 6-noded triangular sides of both the plate and soil 
elements. The interface elements have “virtual thickness” with imaginary dimension (i.e. 
zero thickness) which are used to give the interface material properties, and each node 
pair in the interface elements was identical and had the same coordinates (Brinkgreve et 
al., 2013). The interface elements were assigned to the screw pile shaft, the screw pile tip 
and across the surface of the helical plates to model a pile–soil interface with 
tan/tanϕ ≈ 0.7 (see section 3.3). 
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3.4.1 3D FEM Mesh details 
The mesh was generated based upon a very fine element distribution option with local 
refinement for the pile geometry (local element refinement factor = 0.125) to reduce the 
elements sizes gradually near the screw pile geometry and obtain accurate results. In order 
to control this process, the mesh was divided into different zones to allow localised mesh 
refinement close to the pile and limit the total number of elements in the analysis (Figure 
3.6). To reduce the element size around the pile, a zone with plan dimensions of 13Dc x 
13Dc that extended to 2Dh below pile base was used to refine the mesh near the pile. Initial 
trials were performed on several mesh refinement schemes in order to choose the 
optimum mesh refinement as shown in Figure 3.7 for both a screw pile (Dc =0.75 m, 
Dh =2.0 m , S/Dh =1.75) example and a straight-shafted pile (Dc =0.75 m) for comparative 
lateral displacements (0.1Dc). It is clear that no significant benefit was achieved in either 
case by greatly exceeding 200,000 elements, thus a refinement scheme with 
approximately 300,000 total elements was selected for the analysis. Figure 3.8 shows the 
lateral force against displacement for straight shafted and and screw piles with two 
different mesh refinement schemes. The results show that the mesh refinement has a 
considerable influence on the accuracy of pile lateral load-displacement results as shown 
in Figure 3.8 but as shown in Figure 3.7, and mentioned above, this becomes insignificant 
when 200,000 elements are exceeded. 
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Figure 3.6: Typical mesh generated for screw pile modelling in 3D FEM 
 
 
Figure 3.7: Effect of varying soil element numbers on 3D FEM output for mesh 
refinement purposes. 
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Figure 3.8: Effect of varying soil element numbers on lateral pile load-displacement in 
saturated dense sand (Dr = 80%) 
 
3.4.2 3D FEM modelling scheme of screw pile under lateral loading 
The screw pile shaft or core diameter (Dc), helical plate diameter (Dh) and helical plate 
position (Hh1) were varied from 0.61 m to 0.75 m, from 1.5 m to 2.0 m and from 0.5 m to 
2.0 m below ground level, respectively (Figure 3.9). These configuration variations were 
selected to investigate the effect of upper helical plate position (Hh1) and the effect of 
varying the pile core to helical plate diameter ratio (Dh/Dc) on the screw pile lateral 
efficiency. In this section, the lateral pile capacity (Ho) was determined at a pile lateral 
displacement (y) equivalent to both 5% pile and 10% pile core diameter (Dc) in order to 
investigate the helical plate effect at different large displacements. This criterion is higher 
than the limiting failure criterion for offshore wind turbine foundations which is based on 
lateral pile head displacement (y) that cause pile tilt of 0.25o (2% Dc) to the vertical at the 
mudline (Rosbjerg and Gravesen, 2009; and DNV, 2014). 
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Figure 3.9: Screw pile geometry with different core diameters (0.61 m - 0.75 m) and 
helical plate diameters (1.5 m - 2.0 m) modelled in 3D FEM to investigate the effect of 
helical plate depth (Hh1) on the lateral capacity of the screw pile 
 
3.4.3 3D FEM modelling scheme of screw pile under combined axial and lateral 
loading 
Two types of pile loading regime were considered to investigate the effects of vertical 
loading on the lateral performance of a screw pile. Firstly, individual simulations were 
undertaken of pile performance under purely axial or lateral loading to act as 
normalisation points (pure compressive capacity = Vc ult; pure tensile capacity = Vt ult; pure 
horizontal capacity = Ho) to study the effects of combined loading. The piles under purely 
axial and lateral loading were modelled in three stages. The in-situ geostatic stresses were 
generated in the first stage for Ko = 1 – sinϕ′ conditions. In the second stage, the pile 
geometry was activated so that the piles were wished in place. The load was applied in 
the third stage by means of a monotonically increasing point displacement (i.e. under 
displacement control) to reach pile failure. For piles subjected to pure axial loading 
(tension or compression), the ultimate vertical pile capacity (Vc ult or Vt ult) was based on 
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pile head displacement equal to 10% of the equivalent pile core diameter (Dc = 750 mm) 
i.e. 75 mm. The same process was undertaken for lateral loading to determine the ultimate 
lateral pile capacity (Ho) where the failure criterion was based on lateral pile head 
displacement (y) that cause pile tilt of 0.25o to the vertical at the mudline. This has its 
origins in the criteria used for wind turbine foundations where the permanent accumulated 
monopile head tilt (θ) that can be supported by an offshore wind turbine is limited to 0.25o 
at the seabed (Rosbjerg and Gravesen, 2009; and DNV, 2014). 
The screw piles investigated had a length, L = 5 and 20 m length with pile helical plates 
ranging from 1.5 to 2.5 m in diameter (with helical plates spaced at S = 1.75m for 1.5m 
diameter helical plates and S = 3.5 m for both 2.0 m and 2.5m diameter helical plates, 
S/Dh < 2.0) subject to combined vertical (tension and compression) and horizontal loading 
(Figure 3.10). An S/Dh < 2.0 was selected for investigation to guarantee a cylindrical 
shearing/soil-soil mechanism where soil is effectively trapped between the helical plates 
as this had been shown to occur at S/Dh < 3.0 (Knappett et al., 2014). The two pile lengths 
were chosen to highlight the effects of long and short pile failure mechanisms on screw 
pile behaviour. The results were compared throughout with the results from the straight- 
shafted pile performance where the piles all had a core diameter of Dc =750 mm. The 
primary purpose of these FE models was to determine how the variation of vertical load 
affects lateral screw pile capacity. 
Installation effects were not considered in the modelling and the piles were modelled as 
wished-in-place with initial Ko lateral earth pressure regime (Jaky, 1944). This is 
effectively making the assumption that the screw pile installation has no effect on the 
adopted soil properties. This assumption has previously been suggested for ribbed piles 
loaded in compression by Knappett et al. (2014) as the failure surface between the 
surrounding soil and the screw pile is defined by the helical plate diameter (Dh) where the 
soil is likely to be less disturbed, as long as the helical plate spacing is sufficiently close 
to induce soil-soil shear between the tips of the helical plates. Some additional validation 
studies (reported in the next section) were also conducted against previous onshore field 
pile load test data to confirm the validity of this approach prior to the parametric study.  
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Figure 3.10: Screw pile geometry for the 5 m length (case 1) and 20 m length (case 2) 
 
Where the piles were subjected to combined loading regimes they were modelled in four 
implementation stages. The first and second stages were as for the unidirectional cases 
described above. In the third stage, only the axial load was applied by means of a point 
load as a percentage of the ultimate vertical screw pile capacity (from 0.2-0.8Vult) 
determined based on 0.1Dc displacement. The vertical displacements due to the axial load 
were recorded but they were not used in the final results as they are significantly less than 
0.1Dc for all cases (based on the magnitude of the axial load). In the final stage, the 
vertical load was held constant and the lateral load was applied under displacement 
control. This approach was adopted by previous researchers (Karthigeyan et al., 2007; 
Karthigeyan, 2008 and Zadeh & Kalantari, 2011) to study straight-shafted pile 
performance under combined vertical and lateral loading. Also, this approach is similar 
to pile loading offshore, as the vertical loads from the offshore wind structure is applied 
first on installation of the turbine (normally under calm sea conditions so that H ≈ 0) 
followed by the lateral loading under the action of wind and waves during the operation 
of the wind turbine. 
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3.5 Verification of FEM modelling approach 
The numerical modelling assumptions used within the 3D FEM were first validated 
against field case study results for screw piles under purely vertical tension, compression 
and lateral loading in sand (as reported by Sakr, 2010a; Sakr, 2010b and Zhang, 1999). 
Field test results for combined loading were not available in the literature. The parameters 
required for the HS small constitutive model were obtained based upon the available soil 
parameters for each case study. Where specific parameters were not available these were 
generated based upon the case study in-situ relative density (either reported or determined 
from SPT/CPT data) using the correlations in Table 3.1 (Al-Defae et al., 2013). These 
correlations have previously been used successfully for simulation of the results of field 
pile load tests of Continuous Helical Displacement piles (a type of concrete cast-in-situ 
helical pile, CHD), as reported in Knappett et al. (2016). 
 
3.5.1 Case Study 1: Mustang Island (Reese et al., 1974) 
In order to validate modelling assumptions used within the 3D FEM for the modelling of 
lateral loading of piles in sand, the results from field testing of conventional piles at the 
Mustang Island test site (Reese et al. 1974) were used as a case study. The pile was 
modelled based upon the approach outlined by Suryasentana & Lehane (2014) with 
assumption of symmetry about the y-axis. The Hardening Soil (HS) constitutive model 
was used to simulate soil behaviour, with secant stiffness ( refE50 ) equal to 25000z kPa 
(assuming a linear increase with depth, z, below the ground surface) and Poisson’s ratio 
( ) equal to 0.25 for drained conditions as proposed by Dodds & Martin (2007). The soil 
was divided into 32 sub-layers in order to allow soil stiffness to increase representatively 
with depth. The first 21 layers were 1m in thickness and the last layer was 59 m thick. 
The pile was modelled using a volume pile with equivalent stiffness (Ec-equivalent) so that 
the bending stiffness was equal to the actual pile stiffness of the tubular section (Equation 
3-10). 
The pile was modelled as a “volume pile” rather than the “massive circular” pile adopted 
by Suryasentana & Lehane (2014) and 10-node tetrahedral elements were used (instead 
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of the 15 node wedge elements). Plate elements were assigned to the outside of the pile 
surface with a very low stiffness as previously discussed.  
Figure 3.11 shows the FEM results for the prediction of pile load-deflection at ground 
level which matches well with the field results (Reese et al. 1974) and the above 
differences in the modelling approach used herein seem to have improved the prediction 
slightly compared to Suryasentana & Lehane (2014). Figure 3.12 shows the predicted 
bending moments in the pile and again they are in good agreement with Suryasentana & 
Lehane (2014) and Reese et al. (1974). This match of the FEM results for displacements 
and bending moments within the pile confirms that the boundary dimensions and pile 
modelling approach are appropriate. 
 
 
Figure 3.11: FEM prediction of lateral pile deflection compared to the Mustang Island 
data set (Reese et al., 1974) and predictions made by Suryasentana & Lehane (2014) 
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Figure 3.12: FEM prediction of lateral bending moments verified against the Mustang 
Island data set (Reese et al., 1974) 
 
3.5.2 Case Study 2: North Alberta, Canada (Sakr, 2010a & 2010b) 
Sakr (2010a & 2010b) reported the response of screw piles from field trials where the 
piles were installed in medium dense to very dense sands in northern Alberta, Canada. 
Three different test piles from this case study have been used for validation (cases ST1P4, 
ST3P4 and ST17P3A), more details of which may be found in Table 3.3. The screw piles 
were installed to depths (L) ranging from 5.6 to 9.5 m, had a pile shaft or core diameter 
0.324 m (Dc) and a screw plate ranging from 0.61 to 0.762 m diameter (Dh). The wall 
thickness of the core was 9.5 mm (tc) with helical plates 25.4 mm thick (th) for all piles 
tested. The soil at the site was divided into two sub-layers for modelling based on the 
limited available ground investigation data. This consisted of a sand layer (medium dense 
to very dense) down to 11.4 m depth with the phreatic water level at 3.6 m below ground 
level and a dense to very dense sand layer down to more than 23 m below the screw pile 
tip. A summary of soil properties reported by Sakr (2010b) is shown in Table 3.4. The 
relative density used for parameter selection was determined from the average results of 
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SPT testing (Table 3.4) based upon the procedure outlined by Skempton (1986). The 
resulting average relative densities (Dr) over the pile length for layer 1 and 2 were 79% 
and 82% respectively. The load was applied at the pile head in each case by means of 
displacement control and with the maximum displacement set to match that for the field 
tests. Fully drained conditions were used for all of the calculations and the pile was 
wished in place as discussed previously. 
 
Table 3.3: Screw pile configuration for verification of Sakr (2010a & 2010b) 
 
Test 
Load 
type 
Shaft 
   Dc          tc 
(mm)      (mm) 
Helical plate 
Dh            th 
(mm)      (mm) 
Helical 
plate 
number, 
N 
depth 
(m) 
Plate 
spacing 
ratio 
(S/Dh) 
ST1P4 Comp. 324 9.5 762 25.4 2 9.0 3 
ST22P7 Comp. 508 9.5 1016 25.4 1 5.75 - 
ST16P6A Lateral 406 9.5 762 25.4 2 6.5 3 
ST3P4 Tension 324 9.5 762 25.4 2 9.5 3 
 
Table 3.4: Soil parameters for verification of Sakr (2010a & 2010b) 
Soil 
layer 
Depth 
(m) 
Soil description SPT blow 
count per 
300mm 
Total unit 
weight, 
(kN/m3) 
Friction angle, ϕ′ 
(degrees) 
1 0-11.4 
Sand, medium dense 
to very dense 
14-58 18 35 
2 11.4-33 
Sand, dense to very 
dense 
45-92 20 40 
 
 
A comparison between the field tests results of the axial compressive load-displacement 
behaviour measured and that predicted (Figure 3.13) reveals that the 3D FEM analysis 
with simplifications with respect to the modelling of installation is very good at predicting 
the load-displacement response behaviour when a screw pile is subjected to compression 
loading, at least for the case studies shown here. This is in agreement with the suggestions 
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of Knappett et al. (2014) that the installation effects may not require a modification to the 
in-situ parameters where soil-soil shear is occurring at the periphery of the helical plates 
(where S/Dh is optimised) during axial compressive loading and where the pile tip and 
lower plate is installed in relatively undisturbed soil (Gavin et al., 2014). 
 
 
Figure 3.13: FEM prediction of screw pile load-displacement behaviour under 
compressive axial loading compared to the field dataset from Sakr (2010b) for tests 
ST1P4 and ST22P7 
 
Figure 3.14 shows the results of simulation of pure lateral loading and again the 
predictions of behaviour are good with less than 7% over prediction of lateral capacity 
where this is thought to be as a result of the simplification of the relative density 
distribution used for simulation. The over-prediction noted may also be as a result of the 
near surface soil being disturbed during screw pile installation to a diameter equivalent to 
the pile plates in reality where the modelling here assumes no installation effects. Any 
reduction in soil density due to installation though would be offset by installation of the 
screw pile which would increase the radial effective stress regime close to the pile (Jeffrey 
et al., 2016). As in this case, the aim of the validation is only to prove that 3D FEM has 
the ability to capture screw pile behaviour representatively, thus further improvement was 
not pursued here. 
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Figure 3.14: FEM prediction screw pile load-displacement behaviour under compressive 
lateral loading compared to test ST17P3A Sakr (2010a) field dataset 
 
Results of the modelling of uplift or tensile pull out (Figure 3.15) in the case of the Sakr 
(2010b) results, show that the FE modelling appears to over predict the initial stiffness 
during pull out and under predict ultimate capacity. This may be as a result of the 
simplification of wished in place simulation as the upper helical plates in the field case 
may cause a reverse bearing capacity mechanism propagating up towards the surface 
which may pass through soil disturbed by the installation process. Interestingly though, 
Mosquera et al. (2015) undertook numerical modelling of a single plate screw pile 
subjected to tensile uplift and found that the upward shallow failure mechanism was 
defined by the zone of soil swept by the plate during installation leading to a cylindrical 
failure mechanism shearing against undisturbed soil rather than the more normally- 
assumed wider uplift type bearing capacity mechanism. This then limits the effect of 
disturbance of soil above the plate and is more consistent with the multiple helical plate 
cylindrical mechanism that is induced by optimised plate spacing used in this study. 
Tsuha et al. (2012) also suggests that the soil above the upper plates is more disturbed 
than the soil above the lowest plate even for optimised plate spacing (S/Dh) which may 
contribute further to variations between field behaviour and numerical modelling 
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especially where the spacing of the plates has not been optimised or only a single plate is 
present. Nevertheless, the FE-simulated load-displacement behaviour tends to cross the 
field pile behaviour at 0.1Dc and 0.15Dc which covers the range used for ultimate pile 
capacity comparison which suggests the FE prediction is still valuable for prediction of 
ultimate uplift capacity. 
 
Figure 3.15: FEM prediction of screw pile load-displacement behaviour under tensile 
axial loading compared to test ST3P4 (Sakr, 2010b) field datasets 
 
3.5.3 Case Study 3: Sand Pit site, Canada (Zhang, 1999) 
Another case study was chosen for verification following the field work of Zhang (1999) 
consisting of a testing programme of eight full scale screw piles installed in cohesionless 
soil (at the Sand Pit site, Alberta, Canada) which included compression, tension and 
lateral loading tests. The soil at the Sand Pit site is sand dunes with medium to fine grained 
sand with silt. A summary of soil properties as reported by Zhang (1999) is shown in 
Table 3-5. The pile geometries used in the field tests selected for validation consisted of 
219 mm core diameter and had three helical plates with 356 mm diameter with 533 mm 
spacing (S/Dh = 1.5) and embedment length of 5.18 m. The numerical analysis was 
performed following the approach described previously in section 3.1. 
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Table 3.5: Soil parameters for verification of Zhang (1999) 
Soil 
layer 
Depth 
(m) 
Relative density, Dr 
(%) 
SPT 
N 
Total unit weight, 
  (kN/m3) 
Friction angle, 
ϕ (degrees) 
1 0.762 37.7 14-58 17.3 33 
2 1.524 43.2 45-92 17.8 35 
3 2.286 37.5 14-58 17.3 33 
4 3.048 34.5 45-92 17 32 
5 4.572 18 14-58 16 30 
6 5.334 15 45-92 14 30 
 
Figure 3.16 shows that the results of simulation of pure lateral loading are within 7% over 
prediction of lateral capacity where this is thought to be as a result of the near surface soil 
being disturbed during screw pile installation as discussed previously. The overall trend 
of this simulation showed a similar behaviour to that shown in Figure 3.14. 
Figure 3.17 shows the results of the modelling of uplift. The FE modelling appears to 
over predict the initial stiffness during pull out and under predict ultimate capacity. This 
can be attributed to the simplification of wished in place simulation as previously 
observed in section 3.5.2.  
 
Figure 3.16: FEM prediction screw pile load-displacement behaviour under lateral 
loading compared to test L322 (Zhang, 1999) field datasets 
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Figure 3.17: FEM prediction screw pile load-displacement behaviour under lateral 
loading compared to test L322 (Zhang, 1999) field datasets 
 
3.6 Screw pile helical plate inclination effects 
In this section, the effects of helical plate inclination on the screw pile behaviour under 
lateral loading were investigated to validate the assumption of replacing the helical plate 
with a flat helical plate (Sections 3.3 and 3.4). The field tests L322 and ST17P3A reported 
by Zhang (1999) and Sakr (2010a) were considered to investigate this behaviour. The full 
geometry of the screw pile with helical plates was modelled in 3D FEM instead of 
modelling half the geometry with flat helical plates (see Section 3.4.1) as shown in 
Figure 3.18. The helical plates were modelled with a pitch (p) of 76 mm and 152 mm for 
tests L322 and ST17P3A respectively.  
The results showed that the effects of replacing the helical plate with a flat helical plate 
were relatively small as shown in Figure 3.19. 
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Figure 3.18: Screw pile modelling of a (a) full geometry with inclined helical plates and 
(b) symmetrical geometry with flat helical plates 
 
 
Figure 3.19: Effects of screw pile helical plate inclination on lateral behaviour of screw 
pile 
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3.7 Summary 
This chapter focused on the numerical modelling methodology and the verification of the 
procedure that was followed for the 3D FEM for straight-shafted piles and screw piles. A 
summary of this chapter is outlined as follows: 
1- The modelling approach of 2D FEM which was used to investigate the effects of 
helical plate diameter ratio (S/Dh) and helical plate diameter to core diameter ratio 
(Dh/Dc) on the screw pile behaviour in sand with different relative densities was 
outlined. 
2- The modelling approach of 3D FEM that was to investigate the effects of the top 
helical plate position on the lateral behaviour of the screw pile; and the screw pile 
with multiple helical plates behaviour under lateral, axial and combined loading 
was discussed. 
3- The properties of pile-soil interface were set with tanδ/tanϕ′≈0.7 to model real 
interface between the mild steel and HST95 silica sand. 
4- The 3D FEM procedure for modelling straight-shafted piles and screw piles were 
verified against field tests datasets reported by Reese et al. (1974), Sakr (2010a 
and 2010b), and Zhang (1999). The results show that an acceptable prediction of 
the screw pile capacity can be achieved for piles where the helical plates spacing 
ratio (S/Dh) is less than 2 (such that soil-soil shearing is induced along the pile at 
the same diameter as the pile helical plates) with a wished-in-place pile 
assumption although it is acknowledged that installation effects may lead to 
reduced capacities in lateral and tensile loading that cannot be captured by this 
approach. 
5- The simplification of modelling the helical plates as flat was shown to have 
minimal effect on the lateral load-deflection behaviour when validated. 
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Chapter 4: Numerical modelling results and discussion 
4.1 Introduction 
In the previous chapter, the numerical modelling scheme for screw piles and straight- 
shafted piles using 2D FEM and 3D FEM was described in detail. The numerical 
modelling scheme for 2D FEM is the same that was proposed by Knappett et al. (2014) 
which was validated based on 1g laboratory tests of small-scale screw pile models 
installed in sand at different relative densities (25-88%). However, the numerical 
modelling scheme for the 3D FEM was validated against field test results of straight- 
shafted piles and screw piles reported by Reese et al. (1974), Sakr (2010a & 2010b) and 
Zhang (1999). Additionally, the helical plate inclination effects on the lateral loading of 
screw piles were also investigated. 
In this chapter, the 2D FEM numerical modelling results for screw piles with different 
helix plate spacing ratios (S/Dh) and helical plate diameter to core diameter ratios (Dh/Dc) 
are reported and discussed. Also, the 3D FEM numerical modelling results of the upper 
helix plate effects on the screw pile under lateral loading will be outlined and discussed. 
Furthermore, the results of 3D FEM numerical modelling of screw piles under combined 
loading will be outlined and reviewed. 
4.2 Screw pile behaviour under vertical loading 
The 2D FEM was used for modelling screw piles based on the numerical modelling 
approach that was outlined in the previous chapter (Section 3.3). Screw piles with 
different helix plate spacing ratios (S/Dh) and helical plate diameter to core diameter ratios 
(Dh/Dc) were modelled in 2D FEM in order to optimise the screw pile capacity and 
material requirements. 
Figure 4.1 shows the soil shear strains around the multiple helical plates screw pile (MHP) 
at a vertical displacement equivalent to 10% of the pile core diameter (Dc) with a different 
number of rigid helical plates in comparison with straight-shafted pile (SSP) and single 
helical plate screw pile (SHP). It can be seen that increasing the number of helical plates 
(N) changed the failure mechanism from the weaker individual bearing mechanism (soil-
steel interface) to the stronger cylindrical failure mechanism (soil-soil interface) due to 
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the interaction of adjacent helical plates. Once the cylindrical failure was formed between 
the helical plates of the screw pile, the increase of helical plate number (or reduction in 
inter-helix spacing, S/Dh) will have a minor influence on the screw pile capacity and the 
screw pile capacity will be influenced by the soil-soil interface at a zone defined by helical 
plate perimeter and the distance between the top and bottom helical plate (screw pile 
active length) as shown in Figure 4.2. 
 
Figure 4.1: The shear strains induced around screw pile (Dc = 0.75m & Dh = 2.0m) with 
rigid helical plates under compression loading (at displacement equivalent to 10% Dc) in 
dense sand (Dr = 70%) 
 
 
Figure 4.2: Normalised compression capacity variation with helical spacing ratio of 
multiple rigid helical plates screw pile (Dc = 0.75m) at displacement equivalent to 10% 
Dc in dense sand (Dr = 70%) 
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Figures 4.2 to 4.5 show the variation of the screw pile compressive capacity (Qc) 
normalised by the straight-shafted pile capacity (Qo) versus helical plate spacing ratio 
(S/Dh) and helical plate diameter to core diameter (Dh/Dc) in sand. It can be seen from 
these figures that the optimised helical plate spacing ratio (S/Dh) is 2 and reducing the 
ratio S/Dh further has only a slight influence on the screw pile capacity. Previous studies 
showed that the screw pile failure mechanism transitions from individual bearing failure 
to cylindrical failure at S/Dh ≈ 3 (Knappett et al., 2013), 2.0 < S/Dh < 3.0 (Seider, 2004) 
and 1.5 < S/Dh < 3.4 (Bassett, 1978 and Rao et al., 1991). 
Also, the numerical modelling results of screw piles with multiple helical plates (that have 
actual bending stiffness, th= 25 mm and Esteel =205 GPa and helical spacing ratio S/Dh= 
2) showed that the optimised helical plate diameter to core diameter (Dh/Dc) was found 
to be 2 and increasing the ratio of Dh/Dc further has a minor effect on the compressive 
capacity as shown in Figure 4.6. 
In order to investigate the effects of helical plate bending stiffness ((EI)helical plate) on the 
screw pile compressive capacity (Qc), the bending stiffness (EI) of the helical plates was 
increased by factor of 104, so that the Young's modulus (E) used in the modelling was 
205 x 104 GPa (considered as rigid and referred to as Erigid instead of Esteel =205 GPa). 
The numerical modelling results of screw piles with multiple rigid helical plates (S/Dh= 2) 
showed that the normalised compressive capacity (Qc/Qco) increases with the normalised 
helical plate diameter to core diameter ratio (Dh/Dc) as shown in Figure 4.6. This trend 
between Qc/Qco and Dh/Dc is a result of the increase in the cylindrical failure perimeter as 
it is defined by the helical plate diameter (Dh) which has a significant influence on the 
screw pile capacity. 
However, the results showed that there was no increase in the compressive capacity (Qc) 
of the screw pile with helical plate with realistic stiffness when the helical plate diameter 
to core diameter (Dh/Dc) exceeds 2 as shown in Figure (4.6). This can be related to the 
helical plate bending stiffness (EI)helical plate, as it has a significant effect on the screw pile 
compressive capacity (Qc) at all sand relative densities and the optimised helical plate 
diameter to core diameter (Dh/Dc) is related to the helical plate bending stiffness 
(EI)helical plate. However, the optimum helical plate spacing ratio was found to be the same 
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value (S/Dh = 2) for screw piles with rigid helical plates as shown in Figures 4.2 to 4.5 
irrespective of relative density. 
 
 
Figure 4.3: Normalised compression capacity variation with helical plate spacing ratio of 
multiple helical plates screw pile (Dc= 0.75m) at displacement equivalent to 10% Dc in 
dense sand (Dr= 70%) 
 
 
 
Figure 4.4: Normalised compression capacity variation with helical plate spacing ratio of 
multiple helical plates screw pile (Dc= 0.75m) at displacement equivalent to 10% Dc in 
medium dense sand (Dr= 50%) 
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Figure 4.5: Normalised compression capacity variation with helical plate spacing ratio of 
multiple helical plates screw pile (Dc= 0.75m) at displacement equivalent to 10% Dc in 
loose sand (Dr= 30%) 
 
 
Figure 4.6:  Normalised compression capacity variation as a function of normalised 
helical plate diameter (Dh/Dc) of multiple helical plates screw pile (Dc= 0.75m) at 
displacement equivalent to 10% Dc in dense sand (Dr= 70%) 
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4.3 Effect of single near-surface helical plate on the pile lateral resistance 
The initial aim of this study was to investigate the material savings that could be achieved 
by using a screw pile to replace a straight-shafted pile (the ‘no helical plate’ case herein). 
It was decided to investigate the performance of a screw pile with a single helical plate 
diameter of 2 m and an inner core diameter of 610 mm diameter as it was expected that 
such a large diameter helical plate near the surface would give significant enhancement 
of lateral capacity (e.g. Figure 4.7 where the helical plate is 1.5 m or 2.5Dc below the 
mudline).  
 
Figure 4.7: Variation of the lateral resistance of single helical plate pile (SHP) with 
different core diameter (Dc) in comparison with straight-shafted pile (SSP) 
Figure 4.7 shows that for lateral displacements up to 1% equivalent core diameter, there 
is a little enhancement for the 610 mm core diameter piles over a benchmark 750 mm 
diameter pile with no helical plate. The 710 mm diameter pile with the helical plate does 
show some improvement over the straight-shafted pile but only at larger lateral 
displacement. It was decided to investigate the helical plate placed 1.5 m below the 
seabed level to avoid scour issues but as is shown later placing the helical plate nearer the 
surface has potential to generate greater lateral resistance but at the potential cost of 
needing additional scour protection if enhanced resistance from the upper helical plate is 
to be relied upon. 
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If comparison is also made in terms of material use, the configuration used here for the 
straight-shafted pile would have a mass per unit length of 148 kg/m. Assuming an 
optimum S/Dh ratio of 2 (where S is the vertical spacing between individual helical plates) 
based on optimal axial design (Section 4.2), a 20 m long pile would require 6 helical 
plates in total. For a 610 mm screw pile, this would result in additional material and an 
overall mass per unit length of 212 kg/m due to the large diameter of the helical plates 
and the relatively thick cross-section of the helical plate plates (th= 25 mm used here as 
justified earlier in Section 3.3). 
Although it is clear that the screw pile with a near-surface helix configuration does not 
give a significant improvement of lateral performance, such piles retain the benefits of 
low noise/vibration installation and the potential for significantly enhanced vertical 
capacity which is characteristic of screw piles. This may make them suited for use in 
tetrapod or quadrapod foundations where the horizontal loads are shared across multiple 
piles, and moment loading of the foundation leads to a predominantly axial (‘push-pull’) 
response of the piles. Therefore, it is useful to further investigate the effect of helical 
plates on lateral performance even if the magnitude of this effect may be limited unless 
the helical plates are very close to the surface. 
 
4.3.1 Effect of helical plate depth position below seabed level 
In this section, the effect of helical plate position at different levels below the seabed on 
the lateral capacity (H) of a single helical plate screw pile (SHP) in comparison with 
straight-shafted pile (SSP) was investigated using 3D FEM in saturated dense sand 
Dr = 80% (described in Section 3.4).  Typical results for a 610 mm core diameter pile (Dc) 
with a 2 m diameter helical plate (Dh) are shown in Figure 4.8, where the helical plate 
was placed at 0.5, 1.0, 1.5 and 2.0 m below the seabed (Hh1 = 0.82-3.29Dc or 0.25-1Dh). 
Comparison of the data from various test configurations has been made at a pile lateral 
displacement equivalent to both 5% pile and 10% pile core diameter (Dc).  
Figure 4.8 shows that at low lateral displacements (less than 0.05Dc) the inclusion of 
helical plates at different depths offers limited enhancement over the no helical plate case 
but that there is a tendency for the enhancement to increase for shallower helical plate 
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depth (Hh1) and at larger pile displacements. Figure 4.9 shows normalised results from 
the study of helical plate position (lateral pile resistance at 5% Dc). The lateral pile 
resistance has been normalised for each pile diameter by the no helical plate case, H0. The 
effect of incorporating the helical plate only has a moderately beneficial effect on pile 
capacity with lateral resistance increased by between 7 and 14% at 0.05Dc. 
 
Figure 4.8: Variation of lateral resistance of single helical plate screw pile (SHP) with 
different helical plate depth (Hh1) in comparison with lateral resistance of straight-shafted 
pile (SSP) 
 
In this case, the position of the helical plate is shown normalised relative to the calculated 
position of the maximum bending moment (zcrit) in the pile (rather than determined from 
FEM). To calculate the position of zcrit, the lateral resistance in sand has been assumed to 
increase linearly with depth, and based on horizontal equilibrium, Randolph & Gourvenec 
(2011) expressed the ultimate lateral resistance (Hult) for a free head pile as:  
 
           (4-1) 
where Mp is the plastic bending moment capacity, and n denotes the change in lateral soil 
resistance with depth which can be determined based on Barton’s empirical expression:  
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The critical depth (zcrit) at which the plastic bending moment occurs in the pile can be 
determined based on the ultimate lateral pile resistance (Hult) or the plastic bending 
moment (Mp): 
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and 
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Figure 4.9 Effects of the position of a 2 m diameter helical plate relative to zcrit 
(determined at a lateral displacement equivalent to 0.05Dc) 
 
Figure 4.10 shows that the effect of helical plate depth contribution is dependent on the 
degree of lateral pile mobilisation (0.1Dc in this case) and also the depth of the helical 
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plate. It would appear that it is the lateral displacement and degree of mobilisation of 
shallow bearing capacity and uplift of the helical plate that are dictating behaviour rather 
than the vertical effective stress level, i.e. capacity increases with reduced depth. 
Obviously, as the pile diameter increases and zcrit moves down the pile the relative 
displacement of the helical plate also reduces and thus explains why there is a little 
enhancement for the 750 mm core diameter pile until Hh1/zcrit of 0.4. The results in 
Figure 4.10 are also consistent with the helical plate becoming completely ineffective 
(H/H0 = 1) when it is positioned below the critical depth, i.e. in the zone where there is 
little core deformation.  
 
 
Figure 4.10: Effects of the position of a 2 m diameter helical plate relative to zcrit (at a 
lateral displacement equivalent to 0.1Dc) 
 
Figure 4.11 shows the total displacement vectors in the soil around the screw pile with 
750 mm core diameter for no helical plate case and with 2 m diameter helical plate at 1 m 
depth at a lateral displacement of 10% Dc. The near-surface mechanism in front of the 
screw pile can be clearly seen with displacement extending out to an increased radial 
distance near the surface. Behind the pile, uplift of soil due to the upward movement of 
the rotating helical plate can also be seen. 
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Figure 4.11: Total displacement vectors induced around laterally loaded screw pile of (a) 
no helical plates and (b) helical plate at 1 mbgl 
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4.3.2 Effect of Dh/Dc on near-surface helix performance 
As well as investigating the effect of positioning a near-surface helical plate at varying 
depths, the effect of helical plate diameter to pile diameter was also investigated. In each 
case, the pile core diameter was kept constant, and the helical plate diameter was 
increased to include helical plates of 1.5, 1.75 and 2 m diameter (Dh). The helical plates, 
in this case, were all located at 1.5 m below the mudline or 0.625 zcrit given that the core 
diameter was 610 mm. Figure 4.12 shows the normalised effect of increasing helical plate 
diameter for the 610 mm core pile case. 
Again it can be seen that the effect of a significantly larger helical plate only has a 
relatively modest effect on increasing the capacity of the pile, suggesting that it is the core 
diameter which is critical in determining the lateral capacity of screw piles (in contrast to 
the axial loading case, where helical plate diameter is dominant if the helical plates are 
spaced at the optimal S/Dh ≤  2). 
 
 
Figure 4.12: Total displacement vectors induced around laterally loaded screw pile of (a) 
no helical plates and (b) helical plate at 1 mbgl 
Chapter 4                                                   Numerical modelling results and discussion 
91 
4.4 Screw pile behaviour under combined loading 
Much research has been carried out to investigate the behaviour of piles under pure lateral 
loads (i.e. Matlock and Reese, 1960; Poulos, 1971; Poulos and Davis, 1980; Sanctis and 
Russo, 2008 and others). Other studies have also investigated how piles behave to support 
onshore structures under inclined loads (i.e. Meyerhof and Yalsin, 1993 and Sastry, and 
Meyerhof, 1994). The effect of the vertical load on pile lateral capacity and pile response 
under combined axial and lateral loads has been investigated widely for straight-shafted 
piles (Anagnostopoulos and Georgiadis, 1993; Karthigeyan et al., 2007; Karthigeyan, 
2008; Rajagopal and Karthigeyan, 2008; Zahed and Kalantari, 2011; Ayothiraman and 
Reddy, 2014; and Mu et al., 2015) where it was found that the presence of axial 
compression loads resulted in significant increases in lateral capacity in sands and gravels 
and reduced lateral capacity in clay. No such similar study has been undertaken for screw 
piles where the presence of axial compressive loads may be envisaged to increase lateral 
pile capacity due to the increased mobilisation of the helical plates during lateral pile 
deflection. However, a limited numerical study investigating the effect of near-surface 
screw pile helical plates on pure lateral performance showed that the effect was limited 
with up to a 20% improvement in lateral capacity for a large displacement (0.1Dc) but 
only if the pile helical plates were placed close to the soil surface exposing them to the 
effects of scour and potentially removing any enhancement (Al-Baghdadi et al., 2015). 
As well as investigating the effect of varying the magnitude of the vertical load on lateral 
performance, the pile length (L = 5 m and 20 m, L/Dc = 6.67 & 26.67) and helical plate 
diameter (Dh = 1.5, 2.0 and 2.5 m, Dh/Dc = 2.0 to 3.33, S/Dh< 2.0) of the screw pile were 
varied, but the pile core diameter was kept constant (Dc = 0.75 m) throughout the study. 
An S/Dh < 2.0 was selected for the investigation to guarantee a cylindrical shearing/soil-
soil mechanism where soils are effectively trapped between the helical plates as this had 
been shown to occur at S/Dh < 3.0 (Knappett et al., 2014). The top helical plate was placed 
at a depth of 1.5 m below the seabed surface, and the pile tip was modelled as a flat closed 
(i.e. plugged) rigid element (Figure 3.8). The pile length was selected to represent both a 
short rigid pile (5 m) and a long flexible pile (20 m) to represent piles behaving as a 
rotating rigid body or bending under lateral load (Fleming et al., 2009). Prior to 
commencing analysis, the effect of modelling helical plates as flat plates (rather than with 
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pitch) was also checked and there was found to be less than 1% variation in lateral load 
capacity (irrespective of direction of loading) and less than 5% variation in axial capacity 
for the 20 m long pile where the inclusion of pitch caused a slight increase in capacity. 
The primary purpose of these FE models was to determine how the variation of vertical 
load (tension and compression) affected lateral screw pile capacity. The study focused on 
saturated dense sand (i.e. Dr = 80%) as Byrne and Houlsby (2003) reviewed many 
different locations which were released for the first phase of wind farms (Round I) around 
the UK and it has been found that the ground consists mainly of sandy soil. 
 
4.4.1 Vertical loading effects on the lateral capacity of straight-shafted piles 
The lateral load-displacement response for the 5 m and 20 m long straight-shafted piles 
(SSP) are first presented in Figure 4.13a and 4.13b respectively to highlight the behaviour 
that may be observed for a standard pile geometry. For piles subjected to pure axial 
loading (tension or compression) the ultimate vertical pile capacity (Vc ult or Vt ult) was 
based on pile head displacement equal to 10% Dc whereas the ultimate lateral pile 
capacity under pure lateral load (Ho) was  based on pure lateral pile head displacement 
(y) that cause pile tilt of 0.25o to the vertical at the mudline which was found to be equal 
to 2% Dc (described in Section 3.4.3). It is clear from this study that the vertical 
compressive loads enhance the horizontal capacity and pile-soil stiffness response, while 
tensile forces reduce the capacity and pile-soil stiffness. A similar observation was made 
by Mu et al. (2015) based on in-flight experimental (centrifuge) tests conducted on 
straight-shafted piles loaded axially and laterally. There is a relatively small difference in 
the pure horizontal load capacity between the shorter and longer piles, suggesting that 
L/Dc = 6.67 is close to the transition from rigid rotation to bending (this transition or 
critical pile length occurs at L/Dc = 9.5 according to Fleming et al. (2009), for the 
configuration tested). It is particularly interesting to note that the relative enhancement in 
lateral capacity for the 20 m long pile appears to be greatly reduced when compared to 
that in the 5 m long pile. This is as result of the uniform rotation of the rigid short pile, 
whereas due the fixity in the long pile the relative rotation reduces with depth, suggesting 
less mobilisation of lateral resistance for the long pile. The short pile is also likely to see 
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much greater enhancement through the passive resistance of the bottom helical plate 
which will generate a bearing capacity type mechanism during rotation. 
In order to understand the effect of combined loading further and allow comparison with 
the screw piles, the results of the FE analysis were interrogated in greater detail as shown 
in Figure 4.14a where the lateral or radial effective stresses (r) in the soil close to the 
pile are shown for the 20 m pile (over the upper section only). The points chosen to 
measure these effective soil stresses were typically 0.04 Dc from the pile shaft. As the 
vertical load on the pile increases, the radial stress experienced by the soil during lateral 
loading is increased, i.e. the soil has increased shear resistance. This is explained in 
Figure 4.14b by considering the mobilised passive earth pressure coefficient ratio, K/Kp 
(where K = σr′/ σv′ and Kp = 1+sinϕ/1-sinϕ with Kp taken as 5.83 in this case based on 
peak friction angle of sand) which suggests that lateral loading combined with vertical 
loading mobilises 30 to 68 % of the potential passive lateral resistance. This ratio reduces 
with increasing vertical compressive loading thus the increase in vertical load induces 
greater vertical effective stress within the soil surrounding the pile as the vertical load is 
transferred from pile to soil. In contrast, during the application of tensile loads, the radial 
stress tends to reduce slightly below that for the zero tensile load case (Figure 4.14a), and 
the mobilised passive earth pressure is increased suggesting that vertical stress is reduced 
(Figure 4.14b). It can be seen from Figure 4.14a that the effective radial stress drops to a 
minimum at approximately 6.1 m (L/Dc = 8.1) which is similar to that predicted by 
Fleming et al. (2009)) which supports the suggestion of limiting rotation in the long pile 
case and explaining the difference in enhancement observed between the short and long 
piles. 
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Figure 4.13: Effect of increasing axial compressive and tensile loads on lateral pile load-
displacement behaviour in saturated dense sand (Dr = 80%) for (a) a 5 m long SSP 
(Dc = 750 mm) and (b) a 20 m long SSP (Dc = 750 mm) 
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Figure 4.14: Variation of (a) radial effective stress and (b) passive earth pressure 
coefficient ratio with depth for the 20 m long SSP under combined axial (shown for 
compression and tension) and lateral loading (y= 2% Dc).  
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4.4.2 Vertical loading effects on the lateral capacity of screw piles 
The effect of vertical load (tension and compression) on the lateral performance of 
straight-shafted piles with core diameters Dc = 0.75 m and length L = 5 m and 20 m, 
(L/Dc = 6.67 & 26.67); and multiple helical plate screw piles with helical plate diameter 
Dh = 1.5, 2.0 and 2.5 m, (Dh/Dc = 2.0 to 3.33, S/Dh< 2.0) was investigated. Figure 4.15 
shows the effect of the axial compression and tension loading on the lateral capacity of 
5 m and 20 m long screw piles with 2.5 m diameter helical plates. It is clear that the 
inclusion of the helical plates increases the lateral resistance of the pile but that unless the 
vertical compressive load is applied this enhancement is limited in nature (22 % increase) 
as previously shown in Figure 4.10. What is apparent though, is that when the inclusion 
of helical plates is combined with vertical compressive loads, there is greater potential 
for enhancement. This behaviour is summarised in a normalised form in Figure 4.16 for 
both the pile lengths (comparison at a displacement of 0.02 Dc). It is clear from Figure 
4.16 that there is an increase in lateral pile resistance with increasing normalised vertical 
load. This is without any significant additional effect from helical plate diameter which 
is not already captured in the determination of Vult and Ho. Again, the effect of short and 
long pile behaviour (rotation) is seen to be significant when comparing the straight-
shafted pile where for the straight-shafted 20 m long pile there is little change in 
horizontal capacity for V/Vult > 0.2 (Figure 4.16b). 
Figures 4.17 and 4.18 show the lateral effective stress distribution around the screw pile 
under combined loading, for the long and short piles. The lateral stresses above the upper 
helical plate (Figures 4.17 & 4.18) are of a relatively similar magnitude at low 
compressive loads in comparison with those found for the straight-shafted pile (Figure 
4.14a). Although there is a sharp drop to very low stresses just above the upper helical 
plate. The lateral stresses in the ground then increase significantly just below the upper 
helical plate, but within another 0.5 m to 1 m of depth (Figure 4.17a), this increase has 
again dropped to stresses associated with the screw pile under purely lateral loading 
(Figure 4.17a). The radial stress then drops to a very low magnitude on approaching the 
second helical plate (plate no. 2). For the short pile, the radial stresses again increase 
below the helical plate to a magnitude greater than helical plate no. 1 (Figure 4.17a). 
However,  the peak radial stress below each helical plate for the long pile reduces when 
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going from helical plate no. 1 to helical plate no. 3 (at 8 m depth or 10.7L/Dc) which is 
below the critical depth (Figure 4.18a). The radial stresses then increase with depth due 
to the increases in effective vertical stress rather than lateral loading as the depth is below 
the critical depth. 
It is interesting to note that although peak radial stresses are at their maximum magnitude 
just below the helical plates in compression, this is associated with the lowest lateral earth 
pressures coefficients (Figure 4.17b) . Also, the lateral earth pressure coefficient tends to 
Ko as the vertical stresses are at their maximum. By comparison in tension, K/Kp is similar 
to that above the helical plate due to low vertical stresses below the helical plate (Figures 
4.17b and 7.18b). Figure 4.18a and 4.18b clearly show the progressive mobilisation of 
radial stresses down the screw pile and the opposing behaviour seen in compression and 
tension. 
In contrast to the behaviour in compression, very different behaviour is obtained for the 
lateral screw pile resistance when subject to tension with a reduction in normalised lateral 
capacity with the reduction becoming greater with increasing helical plate diameter as 
shown in Figure 4.16b. It is interesting to note that as the tensile load increases further, 
there is some recovery of lateral capacity in tension for the longer pile which can be 
explained by the increasing radial stress with depth seen in Figure 4.18a (induced by the 
upward movement of the pile). It is also interesting to note that the general behaviour of 
radial effective stress with increasing depth (below the critical depth) where the 
mobilisation of radial stress between each individual helical plate set is similar to that 
seen down a straight-shafted pile under purely axial loading. 
These results suggest that inclusion of the helical plates on a screw pile under combined 
V-H loading enhances the lateral pile resistance when subject to vertical compressive 
loads, compared to a straight-shafted pile under combined loading. From a design 
perspective this suggests that for the screw piles of the geometry investigated here, for 
optimum performance under lateral loads, they should be designed such that they are 
maintained in compression during operation. Therefore, they lend themselves to being 
part of a piled jacket foundation system, where the self-weight of the turbine and jacket 
substructure above the screw piles is larger than the induced change in axial forces 
induced by resisting the overall moment applied to the foundation. Although, the screw 
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piles show enhancement up to 0.8 Vc ult, it is unlikely that they would be operated at such 
a low factor of safety relative to their ultimate vertical capacity with 0.2Vc to 0.4Vc a more 
realistic operating condition (FOS 2.5-5). Even at these levels though the screw piles 
show enhanced lateral performance compared to a straight-shafted pile (1.2 to 1.5 times 
the straight-shafted pile resistance) as shown in Figures 4.16a and 4.16b. 
 
 
Figure 4.15: Effect of increasing axial compressive and tensile loads on lateral pile load-
displacement behaviour for (a) a 5 m long screw pile (Dc = 0·75 m, Dh= 2·5 m) and (b) a 
20 m long screw pile (Dc = 0·75 m, Dh = 2·5 m) 
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Figure 4.16: Comparison of normalised lateral pile resistance for both SSPs and screw 
piles: (a) 5 m long piles; (b) 20 m long piles 
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Figure 4.17: Variation of (a) radial effective stress and (b) passive earth pressure 
coefficient with depth for the 5 m long screw pile under combined axial (shown for 
compression and tension) and lateral loading (Dh = 2·5 m) 
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Figure 4.18: Variation of (a) radial effective stress and (b) passive earth pressure 
coefficient with depth for the 20 m long screw pile under combined axial (shown for 
compression and tension) and lateral loading (Dh = 2·5 m) 
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4.4.3 Considering bending moments 
The results of the lateral investigation with increasing vertical loads highlight the 
enhanced capacity that can be gained from screw piles (Figure 4.15) and insights into the 
mechanisms of how this enhancement occurs (Figures 4.17 & 4.18). The nature of this 
enhancement though (Figure 4.17 & 4.18) highlights that the helical plates of the screw 
pile are doing significant work resulting in potentially increased bending moments in the 
helical plate-pile connections and within the pile core itself. Figure 4.19 shows the 
bending moments induced in the core of a 20 m long straight-shafted pile with the plastic 
moment capacity indicated (Mp) where it is clear that there is significant capacity of the 
core of the pile in this case (pile core outer diameter Dc = 750 mm; pile wall thickness, 
tc = 10 mm and steel yield strength 250 MPa). The failure criteria for piles subjected to 
pure axial loading tension (Vt ult) or compression (Vc ult) was based on pile head 
displacement equal to 10% Dc whereas the ultimate lateral pile capacity under pure lateral 
load (Ho) was  based on lateral displacement y = 2% Dc (described in Section 3.4.3).  By 
comparison though for the 20 m long screw pile, the moment capacity of the pile core is 
exceeded between 0.6-0.8Vc (Figure 4.19b). This could be remedied in practice by 
utilising a thicker steel tube (or higher grade of steel). 
Figure 4.20 shows that the pile core wall thickness needs to be at least 14 mm for the 
moment capacity to exceed the moments induced which is in line with the 
recommendations of API (2000) where the minimum thickness for the shaft in order to 
avoid local buckling during installation by driving can be obtained from the following 
equation: 
100
356 cc
D
.t           (4-5) 
This would result in a pile of tc = 14 mm (rounding up to the nearest integer value) 
although a 25 mm pile core wall thickness would be required to obtain a FOS of 1.6 on 
moment capacity. Again though it needs to be considered if the pile will actually be 
operating at such high vertical loads for instance for the 0.2-0.4Vc case, the 10 mm wall 
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thickness with be adequate for the moments induced. However, the results highlight that 
the increased lateral capacity may come at a cost in terms of pile cross section and that 
moment capacity may be a limiting factor that cannot be ignored when designing screw 
piles to generate significant lateral resistance.  
Additionally, the installation torque should be considered to avoid screw pile damage 
during the installation (i.e. shaft buckling and screw plate separation from the central 
core). Scaling up of the current on-shore geometry will require significant torque for 
installation (not considered as part of this study). For example, Sakr (2010b) reported that 
torque up to 338.3 kNm was required to install a 0.5 m shaft diameter screw pile with a 
single screw plate at its base of 1 m diameter to a depth of 5.75 m in dense sand even after 
pre-drilling. This pile is of reduced dimensions to that considered in this chapter and 
suggests the potential for significant increase in torque requirements. Byrne & Houlsby 
(2015) suggest that the ratio of Vt ultDh/T may typically be of the order of 8 (where T is 
the torque applied during installation) thus for a screw pile with a tensile capacity of 
11 MN (largest pile simulated here) a torque of 3.4 MN.m would be required for 
installation. Based upon the diameter of the pile core specified in this study this magnitude 
of torque would require a pile wall thickness of 26 mm based upon a simple hand 
calculation of the torsional shear stress induced in a tube and without a factor of safety. 
This suggests that torque may be a more significant control on pile cross section and 
potentially limit the final length of pile installation. 
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Figure 4.19: Variation of bending moment with depth for a 20 m long (a) SSP and (b) 
screw pile (Dh = 2·5 m) under axial compression and lateral loading (pile shaft thickness 
tc = 10 mm) at lateral displacement of 2% Dc 
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Figure 4.20: Variation of bending moment with depth for a 20 m long (a) SSP and (b) 
screw pile (Dh = 2·5 m) under axial compression and lateral loading (pile shaft thickness 
tc = 14 mm) at lateral displacement of 2% Dc 
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4.5 Summary 
A series of the 2D FEM numerical modelling simulations was carried out to investigate 
the helical plate spacing ratios (S/Dh) and helical plate diameter to core diameter ratios 
(Dh/Dc) effects on the screw pile compression capacity and material saving. Also, the 
screw piles were modelled using the 3D FEM numerical modelling to investigate the 
influence of axial loads (tension and compression) on the lateral capacity of screw piles 
in sand. A range of axial load ratios (i.e. normalised by the ultimate axial capacity of a 
straight-shafted pile) was chosen to investigate how the screw pile lateral resistance 
varied under combined loading conditions when the axial loads were either in 
compression or tension. The main finding of these tests is that the axial load has a 
pronounced effect on the lateral capacity of both straight-shafted and screw piles. The 
following conclusions can be drawn: 
1- Based upon this initial study of the enhancement of the lateral capacity of piles by 
including near-surface helical plates or plates as part of a screw pile installation, 
it has been shown that enhancement of lateral capacity can be achieved but that 
more efficient enhancement can be achieved by increasing the pile core cross-
sectional properties. However, as previous studies have indicated that screw piles 
have the potential to offer significant enhancements to vertical performance in 
compression and tension, understanding the lateral performance of screw piles is 
still necessary. 
2- Lateral resistance enhancement increases the closer the plates are placed towards 
the seabed surface, and in the cases explored here, this may be up to 22% although 
to achieve such enhancement requires significant lateral deflection (y = 0.1Dc) to 
allow mobilisation of the near-surface mechanisms associated with the helical 
plate contribution. Adoption of the helical plate contribution in design would also 
potentially require additional scour protection to guarantee long-term 
performance, given the necessity to place the helical plate near to the mudline. 
3- The lateral performance of both straight-shafted and screw piles is enhanced under 
compressive vertical loading with greater enhancement noted for screw piles. 
Both types of pile though show much better performance when operated as short 
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mechanism piles rather than long mechanism piles, with the enhancement of long 
straight-shafted piles being minimal at loads above 0.2 V/Vult. 
4- For both pile types, the lateral performance degraded under vertical tension 
loading (below a zero vertical load situation) irrespective of whether or not they 
were operating in short or long pile modes. However, the influence of the vertical 
tension load on the lateral capacity is more significant in short piles than the long 
pile. 
5- Interrogation of the radial stresses and earth pressures mobilised during modelling 
suggest that the presence of the screw pile helical plates has the potential to 
increase the vertical compressive stresses below the helical plates and the 
resulting radial stresses which in turn increases lateral pile resistance and vertical 
capacity of the pile core. 
6- The main drawback of the enhanced lateral capacity of screw piles with increasing 
vertical compressive loads is that greater bending moment is induced in the core 
of the pile. This implies a need to carefully consider the central core to ensure it 
has sufficient moment capacity so as not to yield under the combined effects of 
vertical and lateral loading. 
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Chapter 5: Physical modelling, actuator development, and experimental 
work 
5.1 Introduction 
Geotechnical centrifuge modelling is considered to be a powerful tool to recreate stress 
conditions which simulate the full scale or prototype soil stress state using the acceleration 
of the centrifuge. This theory and fundamental principles of geotechnical centrifuge 
modelling have been described by many researchers (Schofield 1980; Craig, 1988; Taylor 
1995; and Atkinson, 2007) and used to investigate different geotechnical problems. 
Centrifuge modelling is generally considered to be a more economical and easier means 
of conducting experiments than a full-scale test. Therefore, geotechnical centrifuge 
modelling has acquired a significant acceptance as a versatile technique in order to 
investigate and solve geotechnical problems for both dynamic and static conditions. 
However, the simulation of the screw pile installation process and obtaining the 
appropriate confining stress levels during and at the end of the installation are considered 
crucial to obtaining reliable data (as discussed in Chapter 2, Section 2.8). A new servo-
actuator has been developed at the University of Dundee (UoD) so that the screw pile 
models can be installed and tested in-flight in the centrifuge at 50 g level acceleration to 
match the field stress levels and simulate the prototype installation behaviour of screw 
piles. 
This chapter focuses on the centrifuge modelling considerations, the servo actuator 
development which is based on previous similar servo actuators , development of 
modelling equipment and outlines the procedures for centrifuge tests that are used in this 
thesis. 
5.2 Centrifuge modelling principles 
The high nonlinearity of the soil behaviour under shear strain which depends on the 
effective confining stresses and stress history results in a significant difference in the 
behaviour of the small-scale model (1g) in comparison with a full-scale prototype 
structure (1g). The stresses and strains in small-scale models tested at 1g are very small 
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which results in high stiffness compared with the full-scale (Madabhushi, 2014). This is 
the main drawback of small scale models tests at 1g level. However, centrifuge modelling 
can replicate full-scale stresses and strains in the model by creating an artificial 
acceleration to increase the g level and induce high stresses within the soil model which 
can capture the real soil behaviour (Figure 5.1). Therefore, the stresses created at a point 
in the soil model in the centrifuge will be identical to the stresses created in the field at a 
point that has an equivalent depth: 
pp
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ngzng  
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

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
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where σm is the stress in the soil model; σp is the soil stress at prototype scale; n is the 
gravity level in the centrifuge; zm is the soil model depth; and zp is the soil depth at 
prototype scale. 
 
 
Figure 5.1: Vertical stresses in (a) the field (prototype) and (b) centrifuge modelling 
(model) 
 
The relationship between the centrifuge model and the prototype parameters is based on 
the centrifuge scaling laws. Table 5.1 illustrates a summary of general scaling laws of the 
scaling model parameters (model) to the equivalent full-scale parameters (prototype). In 
this study, a scale factor of 50 was required to be used to scale the model parameters to 
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the equivalent prototype parameters based on the centrifuge modelling scaling factor 
shown in Table 5.1.   
Table 5.1: General centrifuge tests scaling laws (after Madabushi 2014; Garnier et al. 
2007) 
Parameters 
Units Scaling law 
(prototype/model) 
Length m n 
Area m2 n2 
Volume m3 n3 
Force kN n2 
Bending moment/ Torque kNm n3 
Stress kN/m2 1 
Strain - 1 
Velocity m/s 1 
 
5.3 UoD beam geotechnical centrifuge 
All the centrifuge model tests in this thesis were conducted on the University of Dundee 
(UoD) geotechnical beam centrifuge (Figure 5.2). The geotechnical beam centrifuge at 
the UoD is an Actidyn machine (C67-2) with a radius of 3.0 m from the centrifuge 
rotation centre to the swinging platform (acceleration up to 130g). The centrifuge tests 
were carried out at 50g acceleration level with an effective centrifuge radius of 2.78 m 
from centrifuge rotation centre to the middle of the sand model (i.e. 0.23 m below the 
sand model surface), so that the angular velocity (ϑ) can be calculated as: 
2rnga            (5-2) 
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srad
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where re: is the effective centrifuge radius (Figure 5.4), and ϑ: is the angular velocity. 
Therefore, the required centrifuge acceleration of 50g was achieved by spinning the 
centrifuge at a constant rate of 127 rpm. 
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Figure 5.2: UoD 3.0 m radius beam centrifuge machine with screw pile actuation and 
control system in place. 
 
5.4 Centrifuge modelling considerations 
Centrifuge modelling is considered a very useful facility for simulating real soil-structure 
behaviour and replicating in situ soil stresses. Despite this, centrifuge modelling cannot 
fully simulate the prototype pile behaviour, but it can reflect the mechanism and general 
trend of pile behaviour under different loading conditions (Leung, 2010). Centrifuge 
modelling has some limitations which should be considered in the centrifuge tests due to 
the scaling issues and the non-uniform nature of the centrifuge acceleration field (Taylor, 
1995). These limitations mainly relate to the mean particle size of sand (D50) relative to 
model elements, angular and radial distortion, boundary effects and installation effects. 
5.4.1 Sand particle size effects 
The selection of the soil type and model samples dimensions for the centrifuge modelling 
should be consistent with each other so that the number of soil particles around the model 
sample is sufficient to be considered as a continuum. For centrifuge modelling in sand 
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the mean particle size (D50) is normally checked against the diameter of the pile. Ovesen 
(1981) performed a series of centrifuge tests on square and circular anchor plates in sand 
to compare the scale effect of model tests on the uplift capacity in comparison with 
conventional 1g model tests. Based on these tests, Ovesen (1981) concluded that the uplift 
capacity of the anchor could be overestimated in conventional model tests which have a 
reduced scale as they are subjected to scale errors. However, no scale errors were 
observed for centrifuge tests models with a ratio of helical plate diameter to sand grain 
size (Dh/D50) exceeding 44. Also, Garnier et al. (2007) highlighted that the diameter of 
the pile should be more than 50 D50 to limit grain size effects on frictional interfaces. In 
this study, the pile models which were used in all centrifuge tests (see Section 5.7) have 
a shaft diameter Dc = 10 mm which is more than 76.9 times the mean particle size of the 
fine silica sand (D50 = 0.13 mm, see Section 5.10.2). 
5.4.2 Centrifuge gravity variation 
The vertical stress in the field generally increases linearly with soil depth. However, the 
increase of the vertical stress within a centrifuge soil model depth is non-linear as shown 
in Figure 5.3. Therefore, the nonlinear distribution of the stress with depth should be 
considered when the pile models are tested in the centrifuge in order to avoid any scale 
effects (Klinkvort et al., 2013). The vertical stress in the centrifuge model soil varies with 
the square value of the angular velocity (ϑ) and the radius from the centre of rotation 
(Madabhushi, 2014) and can be expressed at depth z of the soil model: 
    
H
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2rng            (5-4) 
The maximum under stress (Runder) in the centrifuge model soil can be calculated based 
on the following equation: 
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where: ρ is the soil mass density; rt is the distance from the rotation centre to the soil 
surface; re is the effective radius (Figure 5.4); and H is the soil model height. 
In this study, the centrifuge tests were carried out at 50g acceleration level at depth 0.23 m 
below the sand model surface so that the depth from the sand surface hi (shown in 
Figure 5.3) is 0.23 m and the sand model over the model pile length (0.2 m) only 
experiences under stress. However, it was found that the maximum under stress error in 
the sand model is quite small (4.1 percent) over the model pile lengths and can be ignored. 
 
 
Figure 5.3: Under and over stresses at the centrifuge test (Madabushi, 2014) 
 
5.4.3 Centrifuge radial gravity distortion 
In situ, the points on a horizontal plane at the same depth under the soil surface have the 
same effective stress (i.e. ignoring the earth’s curvature). However, this behaviour is 
different in centrifuge modelling as the high g level due to centrifugal acceleration will 
generate a radial gravity distortion (Madabhushi, 2014). Figure 5.4 shows the radial 
gravity distortion during centrifuge tests.  
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Figure 5.4: Radial gravity distortion at the centrifuge tests 
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In this thesis, it was found that the error due to radial gravity is very small (0.49 percent) 
and can be ignored. 
 
5.4.4 Boundary effects 
The container boundary may have significant effects on the results of the centrifuge tests, 
particularly in dense sand. Bolton et al. (1999) investigated the effect of the nearest side 
boundary distance to cone diameter (s/D) on cone resistance (CPT) in a rectangular 
container for dense and medium dense sand. The results showed that the CPT cone 
resistance results were influenced by the distance from the CPT centre to the nearest 
boundary (s) and sand relative density (Dr) as shown in Figure 5.5. It was found that the 
cone resistance increased by 35% at s/D=2 when compared with s/D=33 as shown in 
Figure 5.5. Also, Phillips & Valsangkar (1978) investigated the boundary effects in dense 
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Leighton Buzzard Sand (87% relative density) and concluded that the results showed that 
the influence of the boundary is negligible when the distance to nearest boundary side is 
equal to 5 times the pile diameter. Also, Knappett et al. (2016) found that the boundary 
effects have a negligible influence in a model container with distance of 3.5 times the pile 
flight diameter to the nearest rigid boundary based on numerical modelling of continuous 
helical displacement (CHD) piles. In this study, the distance from the centre of the screw 
pile to nearest boundary side is 250 mm which is equal to 10 times the largest helical plate 
diameter (Dh = 25 mm). Also, the distance between the container bottom base to the screw 
pile tip is 250 mm (10 Dh). Hence, there should not be any effects due to the container 
boundary. 
  
Figure 5.5: s/D ratio effect on the CPT cone resistance (after Bolton et al., 1999) 
 
5.4.5 Pile installation effects 
There are two types of pile installation which may be used in centrifuge tests to simulate 
the prototype installation namely: monotonic (pushed) and jacked installation. In the 
monotonic installation (pushed), the pile is installed by a continuous push into the soil at 
a constant rate (Ramadan et al., 2013 at a rate 6mm/min; Lehane and White, 2005 at rate 
12mm/min; de Blaeij, 2013, Deeks, 2008 and De Nicola & Randolph 1999 at rate 
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30mm/min; and Lundberg et al, 2012 and Dijkstra, 2009 at rate 60mm/min). The jacked 
installation is carried out by a series of driven strokes where the pile is advanced into the 
soil at a constant rate (Lundberg et al., 2012 at rate 10 mm/sec; and Lehane and White, 
2005 at rate 0.2mm/sec). The monotonic pile installation (pushed) causes a larger increase 
in the lateral soil stresses in comparison with the jacked pile installation (Lehane and 
White, 2005). In this thesis, all the piles were installed using monotonic installation 
(pushed) at a constant rate of 26.3 mm/min. This rate was selected to be consistent with 
the screw pile helical plate pitch p=7.9 mm (see Section 5.12). 
The effects of pile installation on the centrifuge test data are significant, particularly for 
a single closed-ended pile. In-flight installation is an essential part of the centrifuge 
testing when axial capacity is to be investigated (Craig, 1984; Kusakabe, 1995, White & 
Lehane, 2004 and Dijkstra, 2009). According to Taylor (1995), the pile installation in a 
centrifuge must be conducted in-flight especially for axial loading conditions so that the 
stress regime can be established around the pile to simulate the stress in the field 
prototype. 
Pile models will have different subsequent behaviour if they are installed at 1g and tested 
at a higher g level especially in sand rather than clay (Craig, 1984). However, the results 
of centrifuge tests could be acceptable for 1g installation if the analysis considers the 
relative load capacity values instead of the absolute values (Rose & Taylor, 2010). Figure 
5.6 shows the difference in the stress changes when the pile model is installed before and 
after centrifuge acceleration.  
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Figure 5.6: Effect of acceleration level during pile installation of final pile resistance 
during driving (after Craig, 1984) 
 
Also, serious errors can occur in the estimation of the pile bearing capacity if there are 
different values for the g levels between the installation and the testing. Yet et al. (1994) 
installed and tested a pushed straight-shafted pile model in a saturated dense sand sample 
(Dr = 80%) in the centrifuge to measure axial compression capacity. The first model was 
installed at 1g and tested at 50g while the second model was installed and tested at the 
same g level in-flight (50g), and the results indicated that there is a significant difference 
between the two methods as shown in Figure 5.7. 
Generally, different settlements develop between the model and the soil when the models 
of the structure (piles) are installed in the centrifuge before rotation (at 1g). Also, during 
the centrifuge loading test, these settlements can be large enough to partially move and 
mobilise the interface shear resistance that can lead to dramatically disturbing the 
embedded structure response (Rezende et al., 1998). Rezende et al. (1998) investigated 
the installation effect of single pile in loose, medium and dense sands before flight in the 
centrifuge. Based on the centrifuge tests results, it was found that negative skin friction 
developed during pile loading tests as the centrifuge accelerated when the pile model was 
installed at 1g. Therefore, pile models are required to be installed in-flight to eliminate 
the effect of negative skin friction and to avoid any scale effects (Rezende et al.,1998 and 
Klinkvort et al., 2013). 
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Figure 5.7: Effect of g level during installation on pile resistance for jacked pile in 
saturated sand (after Yet et al., 1994) 
Therefore, for the simulation of the screw pile installation process and to obtain the 
appropriate confining stress levels during installation, due consideration of the 
installation process is crucial in order to model realistic pile performance. Several 
researchers have carried out centrifuge tests on screw pile models and four different 
methods were suggested for the centrifuge modelling of screw piles. The approaches can 
be summarised as: 
1- Install the screw pile model in the centrifuge at the required g level then stop the 
centrifuge for a period and re-spin to the same g level to carry out the test. This 
procedure allowed to disconnect the screw pile model from the installation 
actuator and after the end of installation and connect it to the testing system 
(Levesque et al., 2003). 
2- Install the screw pile model in 1g to a specific depth and then spin the centrifuge 
to the required g level and continue the installation and testing in-flight. This 
procedure was used to prevent the damage of the screw pile during the installation 
by Tsuha et al. 2007). 
3- Install the screw pile model at 1g and test at the required g level in the centrifuge 
(Wang, 2010; and Wang et al., 2013). 
4- Install and test the screw pile model inflight and at the required g level in the 
centrifuge in one operation (Al-Baghdadi et al., 2016 and Schiavon et al., 2016). 
Chapter 5      Physical modelling methodology  
120 
 
The first method involves stopping the centrifuge after the model installation which could 
cause stress relief in the soil. The second and the third methods involve installing the 
screw pile model at 1g which can cause difficulties obtaining the confining stress levels 
during the installation. Therefore, these three methods cannot represent the prototype 
installation and final behaviour accurately. However, the fourth method can simulate the 
prototype conditions more accurately as it involves installation and testing the model in 
a single operation at the required g level. For all above reasons, a new servo actuator was 
developed at the University of Dundee which was used to install and tests all the pile 
models in one inflight operation. 
 
5.5 Development of an in-flight centrifuge screw pile installation and loading 
system 
Many robotic systems have been developed for centrifuge modelling including single-
axis (vertical movement) and double-axis movement (vertical and horizontal movements) 
to investigate sophisticated geotechnical problems. These systems have been used in 
centrifuge model tests including CPT, anchor pull-out, monopiles, deep excavation and 
other geotechnical tests. Several of these systems were reviewed and considered prior to 
developing the UoD screw pile actuator. Klotz & Taylor (2001) developed a pile driving 
actuator at City University, UK which consisted of a servo motor, a gear box to increase 
the torque, and a ball screw system to convert the motor rotary motion into a linear 
motion. This actuator was required for pile installation and test in-flight with 50kN 
driving force at 400mm displacement with penetration speeds between 0.25-1mm/s at 
200g. Patra et al. (2014) developed a single servo actuator at the University of Dundee to 
test anchors in the centrifuge under 60g and carry out a series of cone penetration tests 
(CPTs). This actuator consisted of a servo-controlled motor in order to control the 
actuator remotely, a screw jack system that translated the rotary motion into a linear 
motion that was required for installation and testing of the CPTs in-flight, and load 
transducer to measure the forces. This actuator produced a driving force up to 50kN and 
a minimum speed 3.1 mm/s over 300 mm stroke.  
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Silva & Bolton (2004) developed a single axis servo actuator at the University of 
Cambridge, UK for centrifuge modelling to carry out piezocone tests (CPTU) in the 
saturated layered sand. The actuator consisted of a servo motor, a ball screw system that 
could transfer the motor rotary motion into a linear motion, and two slide bearing rails to 
prevent rotation and allow vertical movement of the carriage plate as shown in Figures 
5.8 and 5.9. The ball screw system had a diameter of 25 mm with a lead of 10 mm and 
was supported at the top by spherical bearing support to carry the axial load. The servo 
motor was connected to the ball screw by a timing belt at the bottom. This ball screw 
system allowed a high lead accuracy 0.025mm per 300mm, maximum displacement of 
300 mm with up to 10 mm/s vertical speed, and very high vertical tension and 
compression load (10 kN) under 50 g in-flight acceleration. 
 
 
Figure 5.8: 1D-servo actuator developed by Silva & Bolton (2004) 
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Figure 5.9: Single-axis servo actuator developed by Silva & Bolton (2004) 
 
A 2D servo-actuator was developed by Haigh et al. (2010). This servo actuator has been 
used to carry out centrifuge tests under 50g acceleration for CPTs, piles under cyclic axial 
loading with cyclic displacement and force control, piles under cyclic lateral loading and 
deep excavations. The actuator consisted of two servo-controlled motors, a ball screw 
system that can translate the rotary motion into a linear motion, and two slide bearing 
rails to prevent rotation and allow vertical movement of the carriage plate. The servo 
motor that supplied the vertical movement was connected to the ball screw by a gear box 
at the top whereas the second servo motor was placed at the bottom of the servo-actuator 
and supplied the horizontal movement through a ball screw system at the bottom of the 
servo-actuator as shown in Figure 5.10. This ball screw system allowed a high lead 
accuracy 0.025mm per 300mm, maximum displacement of 300 mm with up to 10 mm/s 
vertical speed, and very high vertical tension and compression load (10 kN) under 100 g 
in-flight acceleration. NDrive HL servo amplifiers were used to control the servo motors 
through a control software A3200 multi-axis motion with A/D converted integrated into 
them to permit implementation of a load control system for cyclic loads on the pile 
foundation in the centrifuge tests. 
(a) Front view ball 
screw system 
(b) Rear view motor 
      system 
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Figure 5.10: 2D servo-actuator developed by Haigh et al. (2010) (after Lam et al., 2012) 
 
5.5.1 Servo actuator design 
A new servo actuator was designed and constructed to install and test the screw pile model 
inflight and achieve accurate position control at 50 g in the geotechnical centrifuge at the 
University of Dundee (Figure 5.11). The installation of the screw pile inflight is 
considered a difficult challenge as it involves rotation of the screw pile model 
simultaneously whilst supplying a vertical downward movement. This was achieved by 
using two servo motors with a ball screw system that has the ability to translate the motor 
rotary motion into a vertical linear motion. Figure 5.12 shows the servo-actuator that was 
developed to install and test the screw pile models. 
The rotation and vertical speed should be adjusted based on the screw pile model 
properties to create minimum disturbance to the soil. Therefore, it was decided to use two 
servo motors to supply the rotation and vertical movement due to their ability to provide 
precise control of the velocity, the angular position and the acceleration. The servo 
actuator main specifications are listed in Table 5.2. Also, two limit switches were used to 
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protect the servo-actuator from damage due to exceeding the design vertical movement 
(stroke) limit for the actuator (Table 5.2). 
 
 
Figure 5.11: Construction stages of the servo-actuator used to install and test the screw 
piles (a) Front view, (b) top support plate, (c) base support channel, and (d) side view 
 
 
Figure 5.12: Servo-actuator system developed to install and test the screw piles shown 
mounted on a centrifuge strong box and centrifuge gondola respectively(a) cross section 
view and (b) as built side view 
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Table 5-2: Servo actuator specification 
Movement   Vertical   Rotation 
Stroke     300 mm                       - 
Max. Speed                        1.67 mm/s         100 rpm* 
Min. Speed    0.016 mm/s             1 rpm* 
Capacity   ± 10 kN                    30 Nm 
*rpm: rotation per minute. 
 
Two gearboxes were installed in the servo actuator to increase the applied torque of the 
servo motors. The main servomotor (master) used for vertical movement was 
manufactured by Kollmorgen (AKM54H) with maximum rotation of 1340 rpm and peak 
torque of 37.5 Nm. The master servomotor was connected to the ball screw system that 
translates the rotation motion to vertical movement using a high gearbox ratio (1:6.67) at 
the bottom of the actuator. The second servo motor (slave) was also manufactured by 
Kollmorgen (AKM53H) with maximum rotation of 3000 rpm and peak torque of 
27.8 Nm. This slave servomotor was used for screw pile rotation and connected to the 
load cell and the screw pile using another gearbox with the ratio 1:4 to increase the 
installation torque. 
 
5.6 Instrumentations and control system 
5.6.1 Load cell 
A combined axial force and torque transducer (F310-Z), specially manufactured by 
Novatech Measurements Ltd, UK, was used to measure the force and torque during the 
installation and load testing (Figure 5.13). The transducer was rated up to 20 kN axial 
force and 30 Nm torque. The load cell was mounted directly above the pile model to allow 
direct measurement of torque and axial load applied to the pile during installation and 
also to allow load testing after the end of the installation in one operation. 
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Figure 5.13: Force and torque transducer details of (a) cross section view and (b) as 
built side view 
 
5.6.2 Draw-wire potentiometer 
A POSIWIRE WS31C draw-wire transducer with 750 mm long wire which was 
manufactured by Automation Sensor Measurement® (ASM) was used to record the linear 
displacement during the large displacement installation and subsequent load testing. The 
cable of the draw-wire had a 1.2 N line tension, and the transducer has analogue output 
with quasi-infinite resolution. The servo motors additionally have position encoders 
which allow backup monitoring of the displacement of the model pile during the test 
based on the built gear ratio and the ball screw system. 
5.6.3 Data acquisition system (DAQ) 
A Fylde micro analog 2 modular instrument system (FE-MM8) was used for data 
acquisition (DAQ) for the signals from the draw-wire and the axial force and torque 
transducers. This system has an effective screening of electrical noise often encountered 
on strain gauge based transducer signals when used with three phases or high-powered 
servo motor actuation systems, such as the ones used in the actuator.  
The DAQ unit was placed in the centrifuge cabin at the rotation centre where the g level 
is very low and connected to an onboard PC via USB, as shown in Figure 5.14. The DAQ 
unit used had four dual channel instruments cards (FE-366-TA), providing the ability to 
acquire (and excite at a switchable voltage between 2.5 – 10 V) up to 8 transducers 
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simultaneously (10 V was used in this study). Onboard amplification was also possible in 
steps between 1-5000 (manual adjustment possible between discrete present steps). In 
this study, the signal amplifications were set to 1 for the draw-wire transducer and 200 
for the axial force and torque transducer. 
National Instruments Labview software (version 2013) was used to control the DAQ unit 
and the servo-motors (the latter via an NI compactRIO controller, described in further 
detail in the Section 5.6.4). 
 
Figure 5. 14: Fylde modular instrument positioned in the centrifuge cabin 
 
5.6.4 Motion control system 
An NI compactRIO controller (cRIO-9024), two 1-axis servo drive interfaces with dual 
encoder feedback (NI 9516) and two single axis AKD analogue servo drives were used 
to control the servo motors as shown in Figure 5.15. This motion control system was 
initially developed by Patra et al. (2014) at the University of Dundee for the development 
of a single axis actuator control system. However, the motion control system was 
developed further to run and control two servo motors simultaneously to generate the 
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vertical movement with rotation necessary to install the screw pile in-flight using the 
servo actuator developed in this study (Section 5.5.1). 
Labview software (version 2013) was used to control the servo actuator and acquire the 
data from DAQ (Section 5.6.3). The software routine for the testing described in this 
thesis allows independent control of drive to the two axes at a controlled rate in both 
directions (forwards and reverse) under displacement control. 
 
 
Figure 5.15: The assembled NI motion control system 
 
5.6.5 Camera system 
The actuation system was carefully monitored during the centrifuge tests by using two 
GoPro HERO4 cameras positioned on the container sides. Two USB wireless Wifi signal 
(signal receivers) were mounted on the ceiling above the centrifuge rotation centre and 
connected to two computers in the centrifuge control room using a 10 m long cable. This 
camera system allowed recording and monitoring of the servo actuator during centrifuge 
spinning. 
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5.7 Pile models 
Models of straight-shafted piles (SSPs) and screw piles (SPs) were manufactured from 
mild steel in the workshop of the University of Dundee with interfaces developing an 
interface friction angle of  24o as measured by direct shear interface tests (Lauder, 2010) 
for the HST 95 sand used in this study. All the pile models had 10 mm solid core diameter 
(Dc) and were 200 mm in length (L) as shown in Figure 5.16. The centrifuge tests were 
carried out at 50g acceleration level, and 50/1 scale factor was used to scale the pile 
models dimensions as shown in Table 5-3. The shaft tip of the screw pile models was 
closed-ended with a conical tip (apex angle 60o). 
The first screw pile trial model was formed from a series of pieces that had a cylindrical 
solid shape with a length of 25 mm and an outside diameter of 10 mm. The helical plates 
were welded on these pieces and connected to each other by threading both sides to form 
the central screw pile shaft as shown in Figure 5.17. This method of manufacturing the 
screw pile models was used previously at the University of Dundee to carry 1g tests using 
an Instron UTM machine and a special rotation system developed by Jeffery (2012). The 
advantage of this method of pile formation is the ability to easily change the helical plate 
spacing ratio (S/Dh). However, during the trial tests of the servo actuator (see Section 
5.11.1) the screw pile model suffered damage at the end of the installation in-flight at 50g 
level (at depth 200 mm). The main reason for this damage was the method of the screw 
pile model manufacture and the failure of welds between the helical plates and the screw 
pile shaft which led to damage of the bottom helix, shaft buckling and finally shaft 
breakage as shown in Figure 5.17. 
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Figure 5.16: Pile model set used in the centrifuge tests 
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Figure 5.17: Trial screw pile damage during the installation at 50g level (at depth 
200 mm) in dense sand (Dr = 73%) 
 
Based upon the failure of this trial, a new pile design was adopted with main dominant 
design criteria to prevent shaft buckling and damage during the installation in-flight under 
high acceleration levels. Therefore, the model piles were fabricated from mild steel with 
a cylindrical solid core and a conical closed end in two ways which were determined by 
the straight-shafted pile (SSP) and screw pile (SP) designs. The SSP model was machined 
from a single piece of steel with diameter 10 mm and length 225 mm. The screw pile 
models were made from a central core with diameter 7.9 mm (fully threaded rod). Each 
pile helical plate was welded onto a separate part that had a cylindrical shape with a length 
of 25 mm, an outside diameter of 10 mm and an internal diameter of 7.9 mm (fully 
threaded inside) which could be screwed on the central threaded rod and form the screw 
pile model as shown in Figure 5.18. However, the bottom helical plate was made in a 
different way. The bottom helical plate was welded onto a separate part that had a solid 
cylindrical shape (outside diameter of 10 mm and length of 25 mm). This part had one 
end with a conical shape (apex angle 60o) to form the pile tip end, and the other end was 
screwed to form a nut so that the pile shaft can be attached to it. The screw thread direction 
of the model screw piles was made in the opposite direction to the rotation direction of 
the screw pile model during the installation so that it could not unscrew during the 
installation. Also, similar cylindrical parts without helical plates were manufactured to 
increase helical plate spacing (S) and allow changes to helical plate position. In all cases, 
the screw pile models had a central core diameter of 10 mm (0.5 m prototype scale) and 
length 225 mm (penetration depth 200 mm) with helical plates of 1.4 mm thickness. Also, 
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a solid extension shaft with diameter 14 mm and length 225 mm was attached to the pile 
models and connected to the torque/load cell. The use of the extension shaft was necessary 
to increase pile model axial stiffness and prevent shaft buckling during the installation. 
The conical tip of the straight-shafted pile and screw pile models had a height of 8.7 mm, 
and the distance from the tip end to the bottom helical plate was 12.5 mm. Figure 5.16 
shows the manufactured set of the model straight-shafted pile and screw piles. 
The thickness of the helical plate material was selected for practical fabrications reasons, 
and no attempt was made to scale this although it is acknowledged that the prototype 
thickness of 70 mm would be too thick for a real screw pile. However, the contribution 
to torque from the helical plate leading edge would be relatively low. Also, a few field 
tests used similar high helical plate thickness (Mori, 2003). The straight-shafted pile and 
screw pile dimensions in model and prototype scale are shown in Table 5.3. 
The screw pile model core diameter was kept constant for all the centrifuge tests at 10 mm 
(0.5 m in prototype scale) whereas three different helical plates diameters were used in 
this study 12.5, 20 and 25 mm (0.625, 1, 1.25 m in prototype scale) to investigate the 
diameter effects on the screw pile capacity. The bottom helical plate was placed 12.5 mm 
above the screw pile tip whereas the top helical plates were positioned 37.5 mm below 
the sand surface as shown in Figure 5.18. The pitch of the helical plates (p) was kept 
constant at 7.9 mm (395 mm prototype scale) to maintain the same penetration rate and 
the rotation speed of the screw piles during in-flight installation. 
 
Figure 5.18: Typical screw pile model dimensions, MHP4 (Dh = 20mm & S/Dh=1.25) 
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Table 5.3: Model pile dimensions 
Model 
pile 
Helical 
plate 
number
, N 
Pile core 
diameter, 
Dc (mm) 
Helix 
diameter, 
Dh (mm) 
Pile length, L 
(mm) 
Top helix 
depth, 
 Hh1 (mm) 
Pile tip to 
bottom 
helical 
plate (mm) 
Helix 
ratio, 
S/Dh 
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- 
SSP1 _ 10 500 - - 200 10000 - - - - - 
SHP1 1 10 500 12.5 625 200 10000 187.5 9375 12.5 625 - 
SHP2 1 10 500 20 1000 200 10000 187.5 9375 12.5 625 - 
SHP3 1 10 500 25 1250 200 10000 187.5 9375 12.5 625 - 
MHP1 7 10 500 12.5 625 200 10000 37.5 1875 12.5 625 2 
MHP2 3 10 500 20 1000 200 10000 37.5 1875 12.5 625 3.75 
MHP3 4 10 500 20 1000 200 10000 37.5 1875 12.5 625 2.5 
MHP4 7 10 500 20 1000 200 10000 37.5 1875 12.5 625 1.25 
MHP5 4 10 500 25 1250 200 10000 37.5 1875 12.5 625 2 
5.8 Cone penetration test (CPT) 
Results of cone penetration tests (CPTs) may be used to estimate pile capacity under axial 
loading. The CPT cone resistance has also been used recently to estimate the installation 
torque of screw piles (Gavin et al., 2013). A model CPT was modified and developed in 
the workshop at the University of Dundee to assess the current methods to predict the pile 
axial capacity, the vertical installation force and the installation torque based on the CPT 
cone resistance. The design of the CPT model was based on a previous design by Jeffrey 
(2012). However, the load capacity was increased to be 2 kN instead of 1 kN so that it 
could be used in the centrifuge tests at high g level (50g). 
The CPT model had a diameter of 16 mm with a length of 460 mm, and conical tip that 
had an apex angle of 60o as shown in Figure 5.19. A miniature diaphragm load cell model 
(F259) manufactured by Novatech Measurements with a maximum capacity of 2 kN was 
used in the CPT model. It was placed inside the CPT model and screwed to the conical 
Chapter 5      Physical modelling methodology  
134 
 
tip. The load cell cable was passed inside the CPT model to an exit point at the top of the 
shaft of the CPT model as shown in Figure 5.19. Three CPTs were carried out in-flight at 
a 50g level in the sand with three different relative densities (73%, 55% and 31%) using 
the servo actuator that was developed for the screw pile installation (see Section 5.5.1). 
These centrifuge CPTs were used to correlate the cone resistance (qc) to the vertical 
installation force (Fv) and installation torque (T). The penetration rate of the CPT was 
kept constant at 26.3 mm/min which is the same for all other centrifuge tests of the SSPs 
and SPs. The Fylde unit was used to supply a constant voltage of 10 V and acquire the 
data from the load cell of the CPT using the DAQ system (see Section 5.5.1). 
 
 
Figure 5.19: Model CPT probe with 2 kN load cell (5p coin shown for scaling purposes) 
 
The CPT cone diameter (D = 16 mm) was selected for practical fabrications reasons based 
on the load cell dimensions and also avoid sand particle size effects with a high ratio of 
CPT cone diameter to mean particale size D/D50 more than 123 (see Section 5.4.1). 
Therefore, no attempt was made to scale this although it is acknowledged that the 
prototype CPT diameter of 800 mm would be larger than the pile shaft diameter (Dc= 
500 mm in prototype scale). However, Lunne and Powell (1997) suggested that CPT with 
diameter range from 25 – 44 mm will provide very similar cone resistance results in 
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different soils. Balachowski (2007) investigated the CPT scale size effect in the centrifuge 
by using a model CPT with a diameter of 12 mm tested at 60g and 100g which results in 
prototype CPT diameter sof 720 mm and 1200 mm respectively. The results showed that 
very similar CPT cone resistance with vertical stress is obtained for Hostun medium sand 
irrespective of g level and thus scale cone diameter (Figure 5.20). The results of the CPT 
centrifuge tests in sand with different densities can be found in Appendix 1. 
 
 
 
Figure 5.20: Results of CPT centrifuge tests at 60g and 100g acceleration level (after 
Balachowski, 2007) 
 
 
5.9 Summary of the centrifuge testing programme 
The centrifuge tests programme was set up based on the literature review of previous 
studies on straight-shafted piles and screw piles; and the numerical modelling method 
validation (see Chapter 3). It was required to investigate the effects of installation method 
and screw pile geometry on the straight-shafted pile and screw pile behaviour, 
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respectively, in the sand at different densities. The aims of the centrifuge testing 
programme were to: 
1- Investigate the effects of the installation method (rotation or pushed) on the 
straight-shafted pile behaviour in the sand. 
2- Investigate the screw pile with a single helical plate (at the bottom) with different 
helical plate diameter to core diameter ratios (Dh/Dc) and the resulting effects on 
the screw pile behaviour in the sand. 
3- Determine the optimal helical plate spacing ratio (S/Dh) of screw piles with 
multiple helical plates in the sand that results in transfer of the screw pile failure 
mechanism from the weakest case of individual helical plates bearing to the 
strongest case of cylindrical failure mechanism. 
4- Investigate the effect of helical plate diameter to core diameter ratio (Dh/Dc) 
effects on the screw pile with multiple helical plates. 
5- Correlate the CPT cone resistance with installation force, torque and vertical 
compressive capacity of straight-shafted piles and screw piles in sand. 
6- Validate the numerical modelling of the straight-shafted pile and screw pile that 
was carried out in Chapter 3. 
A series of centrifuge tests of straight-shafted piles and screw piles was carried out in the 
sand at three different densities (31%, 55% and 73%) as shown in Table 5-4. All the 
centrifuge tests were carried out in-flight under 50g acceleration level using the servo 
actuator described in section (5.5.2). These tests involved centrifuge tests of the straight-
shafted pile with shaft diameter 10 mm (0.5m in prototype scale) using two methods 
namely: pushed method (push the pile at a constant penetration rate) and rotation method 
(push and rotate the pile simultaneously at a constant penetration rate and rotation speed). 
Also, centrifuge tests included tests on screw piles with a single helical plate at the bottom 
with three different helical plate diameters (0.625 m, 1.0 m and 1.25 m at prototype 
scale). Furthermore, centrifuge tests on screw piles with multiple helical plates with three 
different helical plate diameters (0.625 m, 1.0 m and 1.25 m at prototype scale) and 
helical plates number (3, 4 and 7). A summary of the centrifuge tests is shown in Table 
5-4 and Figure 5.21. 
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Table 5.4: A summary of centrifuge model pile testing carried out with installation and 
compression tests results in prototype values for different pile geometries 
Sand 
Model 
Pile 
Helix 
diameter, 
Dh (m) 
Helix 
number, N 
Final 
installation 
force, Fv 
(kN) 
Final 
installation 
torque, T 
(kN.m) 
Compression 
capacity, Qc 
(kN) 
0.1Dc 0.1Dh 
M
o
d
el
 s
an
d
 1
 (
D
r 
=
 7
3
%
) 
SSP1* - - 4999 - 4860 - 
SSP1** - - 2027.4 538 3632 - 
SHP1 0.625 1 2308 647.5 4060 4306 
SHP2 1.00 1 2754 1018 5044 5992 
SHP3 1.25 1 4069 1214 6964 8886 
MHP1 0.625 7 2751 881 6441 6818 
MHP2 1.00 3 3449 1173 6031 8506 
MHP3 1.00 4 4157 1642 8382 11541 
MHP4 1.00 7 4790 2151 9011 12331 
MHP5 1.25 4 6537 2122 10581 14875 
M
o
d
el
 s
an
d
 2
 (
D
r 
=
 5
5
%
) SSP1* - - 2921 - 2842 - 
SSP1** - - 887 234 1644 - 
SHP1 0.625 1 1023 290 2006 2046 
SHP2 1.00 1 1287 448 2460 2843 
SHP3 1.25 1 1384 512 2898 3762 
MHP1 0.625 7 951 348 2582 2867 
MHP3 1.00 4 2096 827 4317 5757 
MHP5 1.25 4 3422 1203 6506 7852 
M
o
d
el
 s
an
d
 3
 (
D
r 
=
 3
1
%
) SSP1* - - 1375 - 1309 - 
SSP1** - - 317 148 657 - 
SHP1 0.625 1 212 168 708 714 
SHP2 1.00 1 545 206 950 1154 
SHP3 1.25 1 1000 379 2133 2894 
MHP1 0.625 7 249 216 1360 1493 
MHP3 1.00 4 1241 597 3268 4568 
MHP5 1.25 4 1762 800 3913 4782 
* Installed by rotation method 
** Installed by pushed method 
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Figure 5.21: Programme of centrifuge tests 
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5.10 Centrifuge tests preparations 
5.10.1 Sand model container 
A rectangular steel strongbox container with internal dimensions of 800 mm length, 
500 mm width and 550 mm height was used in all the centrifuge tests at 50g level. The 
servo actuator (Section 5.5.1) was designed based upon the dimensions of this container 
so that the servo actuator could be mounted above it and bolted on each side to avoid any 
relative movement during the centrifuge flight. The screw pile models were installed in 
the middle of the container using the previously described servo-actuator. 
Two centrifuge tests were carried out in each prepared soil model. Figure 5.22 shows a 
plan view of the pile test locations in the container. As shown in Figure 5.22, the distance 
from the pile centre to the nearest container side was 250mm (10 Dh) to eliminate 
boundary effects, whereas the distance between the two adjacent pile installations was 
300 mm (30 Dc). Therefore, the centrifuge tests were scheduled so that straight-shafted 
pile models were tested in the same container with the screw pile that have largest helical 
plate diameter (Dh = 25 mm) to minimise the interaction influence on the results and 
maximise the test data obtained from each box. Hence, the distance between the two 
adjacent tested piles (300 mm) will be adequate to exceed 8 times the helical plate 
diameter (200 mm) plus 8 times the core diameter of the straight-shafted pile (80 mm). A 
previous study carried out by Bolton et al. (1999) to investigate the boundary effects on 
the cone resistance (CPT) in a rectangular container for dense and medium dense sand 
showed that a distance of 8 times CPT diameter from the CPT centre to the nearest 
boundary (s) is adequate to eliminate the boundary influenced in very dense sand 
(Dr = 91%) as shown in Figure 5.5 
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Figure 5.22: Plan locations of the centrifuge pile tests in the sand container 
 
5.10.2 Sand properties and preparation 
The sand used in the centrifuge modelling tests (and simulated in the numerical 
modelling) reported in this thesis was Congleton HST95, fine silica sand that has γmax= 
17.58 kN/m3, γmin= 14.59 kN/m3, D10 = 0.1 mm and D60 = 0.14 mm. The particle size 
distribution of the sand is shown Figure 5.23. A summary of the HST95 silica sand 
properties is shown in Table 5-5 and more details can be found in Lauder et al. (2013).  
To prepare the centrifuge sand beds a manual air pluviator was used to fill the container 
up to 450 mm depth with dry sand at three relative densities (31%, 55% and 73%) to 
represent the loose, medium dense and dense cases respectively. The sand height was 
selected in order to minimise potential boundary effects so that the distance from the pile 
tip at full installation depth (200 mm below the soil surface) to the container bottom was 
10 times the largest screw pile helical plate diameter (10 Dh) which limited the potential 
embedded length.  
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Figure 5.23: Particle size distribution for HST95 Congleton silica sand (Lauder, 2010) 
 
Table 5.5: Sand properties (Lauder et al., 2013) 
HST95 Silica sand property     Value 
Sand unit weight (kN/m3)    16.75 
Minimum dry density (kN/m3)   14.59 
Maximum dry density (kN/m3)   17.58 
Critical state friction angle, ϕ (degrees)  32 
Interface friction angle, δ (degrees)   24 
D30 (mm)      0.12 
D60 (mm)      0.14 
 
The sand models were prepared based on two different methods depending on the 
achieved target density. The medium dense and dense sand models were prepared using 
the manual air pluviator shown in Figure 5.24. This pluviator had four wheels that 
travelled on two guide tracks placed at height 1.9 m above the ground which results in 
the sand fall height of 1.05 m - 1.5 m (based on sand level height). The sand density was 
controlled by the sand particle speed which will reach a constant velocity rate of 2.75 m/s 
at a height ≥1.5 m (Bertalot, 2013).  The pluviator width was 540 mm which covered the 
width of the sand model container (w = 500 m). The pluviator had two adjustable plates 
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which were used to change the opening slot of the pluviator which controlled the sand 
relative density. A stable sweeping speed (0.37 m/s) was used during the pluviation to 
prevent the creation of nonuniform density zones (Ueno, 1998). Three density pots were 
used to measure the achieved density as and the opening slot of the pluviator was 
compared with previous studies as shown in Figure 5.25. The achieved relative density 
(Dr) was 55% (±3%) for the medium dense sand model and 73% (±3%) for the dense 
sand model using the following equation: 
 
 minmax
minmax




rD          (5-8) 
 
 
Figure 5.24: Sand manual air pluviator technique for sand model preparation 
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Figure 5.25: Relationship between pluviator slot opening size and sand relative density 
 
 
The minimum achievable relative density of sand using the manual air pluviator shown 
in Figure 5.25 was 50%. Therefore, a different technique was used to prepare a loose 
sand model. The manual air pluviator with mesh insert size =5 mm shown in Figure 5.26 
was used to create a loose sand model (Dr = 31%). This manual air pluviator was used 
previously to create sand models with different densities Dr = 14 - 86% (Jeffery, 2012). 
The distance between the mesh of the air pluviator and sand surface was monitored and 
kept constant at 0.5 m during the pluviation process. The relative density (Dr) achieved 
using this system was 31% (±3%) for the loose sand models. 
The pluviation process was continued until the sand surface reached the desired level of 
10 Dh (450 mm), then a vacuum machine was used to level the sand surface. The total 
weight of the sand model and the container was checked prior each centrifuge test which 
is necessary to adjust the centrifuge counterweights and minimise the unbalance of the 
centrifuge machine that could occur during the centrifuge tests. 
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Figure 5.26: Sand manual air pluviator technique for loose sand models 
 
5.11 Actuator approval tests 
Prior to carrying out the centrifuge tests, it was necessary to assess the ability of the servo 
actuator to carry out the centrifuge tests under high g level (50g level). Approval tests of 
the servo actuator were conducted under 1g and in the centrifuge machine. 
 
5.11.1 Centrifuge approval tests 
The centrifuge approval tests of the servo actuator began on 16 November 2015 and 
finished on 26 November 2015; five spins were carried out in total. Therefore, it has was 
decided to test the system ability to function at steps of g level (i.e. 10, 20, 40, 50 and 60) 
and carry out the screw pile installation and test in each step. The servo actuator was 
carefully monitored during the centrifuge tests by using two GoPro HERO4 cameras 
positioned on the container sides and connected wirelessly to two remote computers 
placed in the centrifuge control room (see section 5.6.5). Also, the servo actuator was 
carefully inspected after each spin to confirm there was no damage or loss of function in 
the system. 
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The first centrifuge test was carried out at 10g, and the screw pile model was connected 
to the load cell and the cable of the load cell was wound on to it. It was assumed that the 
cable would automatically unwind under its own self weight and accumulate in the base 
channel section when the load cell rotated and moved downwards with the screw pile 
model during the installation phase. This method had been used successfully to install the 
screw pile model in 1 g. However, a problem was encountered during the first centrifuge 
spin as the cable became trapped around the screw pile due to increase in the gravity as 
shown in Figure 5.27. 
To solve the load cell cable problem and prevent pile model damage during the 
installation, two modifications were made to the servo actuator. The first one was to use 
a convoluted cable sleeve to prevent the cable from trapping between the screw pile 
helical plates. Also, another modification was made by adding a pile guide to keep the 
pile model verticality and avoid any eccentricity and damage of the pile model during the 
installation. These modifications will be discussed in more detail in the following 
sections. 
 
 
Figure 5.27: Image showing the load cell cable trapped during the first centrifuge 
approve test at 10g level 
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5.11.2 Load cell cable 
The load cell cable problem was resolved by making the cable wind onto the load cell 
instead of unwinding during the installation of the screw pile. This new method was 
carried out by using a 23 mm diameter cable convoluted sleeve and a funnel so that the 
cable could pass easily through the convoluted sleeve and wind onto the load cell during 
the installation phase. Also, a 180mm diameter thin aluminium plate was connected to 
the bottom side of the load cell to guide the cable tightened and prevented it from falling 
down the pile down as shown in Figure 5.28. This technique was adopted for all 
subsequent centrifuge tests. 
 
 
Figure 5.28: Screw pile installation in centrifuge flight under 50g 
 
5.11.3 Model pile guide 
A model pile guide with a small bore (diameter 16 mm) was constructed to replace the 
old large central bore (diameter 90 mm) as shown in Figure 5.29. This guide was 
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necessary to keep the pile models in a vertical position and prevent alignment issues of 
the pile models during the installation that caused pile model damage during the 
installation phase at 50g level as shown in Figure 5.17. The pile guide had a bore of 
16 mm diameter which was slightly bigger than the pile models core diameter (10 mm) 
to prevent any friction. Prior to each centrifuge test, this guide was removed and fed over 
the pile to allow the screw pile model with large diameter helical plates to be attached to 
the load cell. Also, the pile model was rotated manually to ensure there was no friction 
during the installation. 
 
 
Figure 5.29: Replacing the (a) large central bore (diameter of 90 mm) with (b) model 
pile guide with a small bore (diameter of 16 mm) 
 
5.12 Centrifuge test procedure 
The screw pile models were installed in-flight at 50g acceleration using the motion control 
system described in Section (5.6.4) at a constant vertical rate of 26.3 mm/min with 
rotation rate of 3.33 rpm up to depth 200 mm. This installation rate was selected to be 
consistent with the screw pile helical plate pitch p = 7.9 mm so that the screw pile 
penetrates the sand at a constant rate equal to the helical plate pitch per a full rotation. 
Perko (2000) and Tsuha et al. (2012) recommended this installation procedure of screw 
piles to minimise soil disturbance during installation. However, the straight-shafted pile 
(SSP) models were installed using two methods. The first method was the pushed method 
(push-in) where the model pile is installed at a constant vertical rate of 26.3 mm/min up 
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to depth 200 mm. The second method was the rotation method (pushing with rotation) 
where the SSP models were installed using the same method as the screw pile models. 
Typical test results for screw pile (Dh = 25 mm and S/Dh = 2) installed at 50g are shown 
in Figures 5.30 and 5.31 which is divided into seven stages. In the first stage, the 
centrifuge started spinning, and the tension load increased gradually as the suspended 
pile increased in weight. The hanging weight of the screw pile model, 180 mm diameter 
cable collection plate and the connection elements (Figure 5.30a) was approximately 
0.43 kN at 50g. After the centrifuge had stabilised at 50 g (stage 2), the screw pile was 
installed up to 200 mm depth in stage 3. A few minutes after the installation ended (stage 
4), the compression test was conducted up to a vertical displacement of 7 mm (28% of 
the largest helical plate diameter Dh = 25 mm) in stage 5. Some minutes after the end of 
the compression test (stage 6) a tension test was conducted in stage 7, up to a vertical 
displacement of 10 mm (40% of the largest helical plate diameter, Dh = 25 mm). Based 
on this test procedure, the tension tests were carried out after the end of the compression 
tests with large settlement (350 mm atn prototype scale). Therefore, the soil around the 
screw pile was significantly disturbed during the compression test which has a 
considerable influence on the pile tensile capacity results. Hence, the test results 
(discussed in chapter 7) mainly focused on the pile compressive capacity. 
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Figure 5.30: Typical centrifuge test of screw pile at 50-g in dry dense sand (Dr 73%) at 
model scale (a) vertical force and (b) torque measured during the installation and tests 
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Figure 5.31: Typical centrifuge test results of screw pile (Dh = 25 mm and S/Dh = 2) at 
50-g in dry dense sand (Dr = 73%) at model scale (steps 3-7) 
 
5.13 Measurements corrections 
The installation torque (T) and vertical force (Fv) measurements were corrected due to the 
convoluted sleeve-cable friction and the increase in the weight of the collected load cell 
cable respectively (Figure 5.32). A centrifuge test was carried out without the pile 
attached to measure the cable-sleeve friction and the increase in the weight during the 
test. The results showed that the torque and the vertical force were increased up to 
0.46 Nm and 0.11 kN respectively as shown in Figure 5.33. Also, another drawback of 
using the convoluted cable sleeve was during winding of the load-cell cable, knots would 
form in the looped cable sitting on the sand surface as shown in Figure 5.34 which led to 
stopping the centrifuge test on several occasions as the knot could not pass through the 
cable convoluted sleeve. 
It is recommended in Chapter 8 to replace the sleeve discussed in Section 5.11.2 with a 
slip ring to eliminate the sleeve friction and the effects of load cell cable knots on the 
measurements of the torque and vertical forces. 
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Also, as the draw-wire transducer measures the displacement of the moving part of the 
servo actuator over a long distance (200 mm) in addition to the initial distance (175 mm), 
it was subjected to high winds due to the air disturbance generated by the centrifuge 
rotation. Therefore, the measurements of the draw-wire sometimes showed noise in the 
displacement data in some tests which were eliminated by averaging during data 
processing. A recommendation is made in Chapter 8 to remove this by creating a 
protective sleeve for the draw-wire. 
 
 
Figure 5.32: Load cell cable collected above the collection plate 
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Figure 5.33: Load cell cable weight and sleeve friction effects on the vertical force and 
torque measurements 
 
 
Figure 5.34: Load cell cable (a) small cable knot and (b) large cable knot 
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5.14 Summary 
In this chapter, the centrifuge modelling was discussed in detail. Also, a review of 
previously-developed actuators was used to develop a new servo actuator. The 
instrumentation and centrifuge tests procedure were detailed in this chapter. The 
programme of the centrifuge tests is summarised in Figure 5.21, and a summary of this 
chapter is outlined as follows: 
1-  A new servo-controlled actuation system was developed at the University of 
Dundee to allow full installation and vertical load testing of model screw piles in 
one continuous centrifuge in-flight operation. 
2- This system can apply a combination of synchronised vertical movement and 
rotational motion (via independent servo controlled motors) to allow controlled 
installation and testing of a screw pile (or other foundation and anchoring 
solutions). 
3- A single operation approach was used to install and test the straight-shafted piles 
and screw piles models in-flight. This method is considered fundamental to 
capture the effect of installation on final in-service pile performance and for 
quantifying the force and torque required for future field installation systems for 
larger, higher capacity piles. 
The servo actuation system has been designed to provide a maximum load of 
10 kN in compression or tension and a maximum simultaneous torque of 30 N.m. 
The installation torque and force were recorded using a combined bespoke load 
cell capable of measuring both force and torque simultaneously thus allowing 
investigation of the torque required during installation and the influence of 
crowding loads. 
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Chapter 6: Physical modelling: Pile installation results and discussion 
6.1 Introduction 
An extensive programme of geotechnical centrifuge tests on straight-shafted piles and 
screw pile models was carried out in the centrifuge. This was undertaken to investigate 
the screw pile performance with different geometries in sand at three different relative 
densities (31%, 55% and 73%). Twenty-nine (29) centrifuge tests in total were carried 
out at 50g acceleration (as discussed in chapter 5), with all straight-shafted piles and screw 
pile models installed to a depth of 200 mm (10 m at prototype scale). This chapter 
presents the results of the installation phase for these centrifuge tests. All data in this 
chapter are presented at prototype scale unless noted otherwise. Also, CPT and theoretical 
methods to predict the installation force and torque for straight-shafted piles and screw 
piles are developed and discussed in this chapter. These methods are validated against 
centrifuge tests results and field tests result reported by previous researchers. 
6.2 Geometry effects on screw pile performance during installation 
The effects of screw pile geometry on installation resistance were investigated by varying 
the helical plate diameter (Dh) and the spacing between the adjacent helical plates (S). 
The core diameter (Dc) and the length (L) of the straight-shafted pile model and screw 
piles models were fixed in all the tests at 10 mm and 200 mm (0.5 m and 10 m at 
prototype scale) respectively. This section will present and discuss the results of the 
centrifuge tests on straight-shafted piles installed by the push in and rotation methods. 
Also, the installation results for screw piles with single and multiple helical plates will be 
illustrated and discussed in detail in this section. 
6.2.1 Straight-shafted pile (SSP) results 
Six centrifuge tests were carried out to install and test straight-shafted pile (SSP) models 
with core diameter (Dc) of 10 mm (0.5 m in prototype scale) in dry sand at three different 
relative densities 31%, 55% and 73% (representing loose, medium dense and dense soil 
states). The piles were installed to a depth of 200 mm (10 m at prototype scale) below the 
sand surface. These tests are considered as a benchmark for comparison with the results 
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of the other centrifuge tests. Two types of in-flight installation method were used for the 
SSPs, the first method was to push-in the straight-shafted piles at a constant penetration 
rate (0.44 mm/sec) while the second method involved both pushing and rotating the piles 
at a constant rotation speed of 3.3 rpm with the same penetration rate (0.44 mm/sec). This 
rate was kept constant for all the installations of both straight-shafted and screw piles 
during centrifuge testing and the pitch was kept the same for all of the screw pile tests (p 
= 7.9 mm). The centrifuge test results for straight-shafted installation using push-in and 
rotation methods showed that the vertical force applied (crowding force) is significantly 
reduced when additional torque is applied to the pile as shown in Figures 6.1 and 6.2. 
Also, additional torque is required to maintain the same vertical installation rate with 
increasing relative density. The inclusion of the torque during the installation of straight-
shafted piles will change the direction of the stresses induced in the surrounding soil 
which has a substantial influence on the vertical installation force (Fv) applied during the 
installation (this will be revisited and discussed later). 
 
Figure 6.1: Comparison of (a) vertical force (Fv); and (b) torque (T) recorded during push-
in and push-in with rotation of a straight-shaft pile (Dc= 0.5 m) in sand at three different 
densities 
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Figure 6.2: Comparison of vertical force and torque measured at the end of installation 
for push-in and push-in with rotation of a straight-shafted pile (Dc= 0.5 m) in sand at three 
different densities 
 
The results show that the vertical installation force (Fv) reduced due to torque in the 
rotation method by 59%, 70% and 77% in comparison to the push-in method with 
reducing sand relative density (73%, 55% and 31% respectively), as shown in Table 6.1. 
The reduction in the vertical installation force was increased with reduction in the sand 
relative density so that it was more significant in loose sand (77%) in comparison with 
medium dense and dense sand with reduction of the vertical installation force (70% and 
59% respectively) as shown in Table 6.1. 
 
Table 6.1: Values of vertical force and torque at the end of installation for push-in and 
push-in with rotation of a straight-shafted pile (percentage reduction in installation force 
shown in parenthesis) 
Relative density, 
Dr (%) 
Pushed method Rotation method 
Installation force, 
Fv (kN) 
Installation force, 
Fv (kN) 
Installation torque, 
T (kNm) 
73 4999 2027 (59%) 538 
55 2921 887 (70%) 235 
31 1375 317 (77%) 148 
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Similar results were obtained by White and Deeks (2010) when they carried out a series 
of centrifuge tests (40g level) using the UWA beam centrifuge to investigate the rotational 
installation effects on tubular pile behaviour in dry dense silica sand. They found that the 
use of vertical force and torque simultaneously (push-in with rotation) “eased” the pile 
installation and reduced the vertical force significantly in comparison to a purely push-in 
method. They compared this behaviour to the twisting of a bottle stopper so that it can be 
pulled out from the bottle and opened easily if both twist and pull are used simultaneously. 
During the installation of the pile using the rotation method, the pile-sand interfaces are 
under vertical and rotational shear stresses (bi-directional shear stresses) where the 
tangential shear stresses in the vertical direction (τz) and tangential shear stresses in plane 
direction (τxy) are orthogonal as shown in Figure 6.3. Previous studies showed that the 
rotational shear at structure-sand interfaces had significant effect on the sand behaviour 
and induced considerable plastics strains (Lashkari, 2010). 
 
 
Figure 6.3: Schematic diagram of the pile-sand interface under rotational and vertical 
shear illustrates (a) shear stresses in the vertical direction (τz) due to vertical force (Fv); 
and (b) shear stresses in the plane directions (τxy) due to torque (T) applied to pile head 
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Figure 6.4 shows the results of three dimensional tests results on the interface between a 
rough steel plate and a dry dense sand (Dr = 84%) under a constant normal vertical stress 
of 100 kPa for different values of shear stresses in the y-direction (τx = 0, 20, 40 and 
60 kPa) as reported by Evgin & Fakharian (1996). Evgin & Fakharian (1996) mentioned 
that a reduction in the peak shear strength occurred under bi-direction shear stresses (τx 
and τy) so that the peak shear strength was about 25, 50 and 75% of the peak shear strength 
under only horizontal shear stress in x-axis (τx), with application of shear stress in y-axis 
(τy) of 20, 40 and 60 kPa respectively.  
 
 
Figure 6.4: Three dimensional tests results for different values of shear stresses in the y-
direction (τx = 0, 20, 40 and 60 kPa) of (a) shear stresses variation in the x-direction (τx) 
and in the vertical direction (τy); and (b) shear stress paths (Evgin & Fakharian, 1996) 
 
6.2.2 Single helical plate screw pile 
Nine centrifuge tests were carried out at 50 g to test 0.5 m core diameter screw piles 
(Dc=10 mm at model scale) with a single helical plate of three different diameters (0.625, 
1 and 1.25 m or Dh/Dc = 1.25, 2 and 2.5). The single helical plate was placed at the bottom 
of the screw pile shaft with a vertical distance of 0.625 m (12.5 mm in model scale) from 
helical plate centre to the screw pile tip (tip height is 0.4 m) so that the flight of the bottom 
helical plate begins at the shoulder of the tip as shown in the previous chapter 
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(Figure 5.16). The results from the installation process are shown in Figures 6.5 and 6.6. 
It can clearly be seen that the vertical force (Fv) and installation torque (T) increased 
gradually with increasing helical plate diameter (Dh). This gradual increase in the 
installation force and torque with normalised helical plate diameter is due to the linear 
increase in the helical plate area by 61% and 59% with increasing the helical plate 
diameter from 0.625 m to 1.0 m and from 1.0 m to 1.25 m respectively. Figure 6.7 shows 
the normalised vertical installation force of the single helical pile (Fv SHP)  
However, the increase in the normalised vertical force and torque with the normalised 
helical plate diameter (Dh/Dc) for the screw piles in loose sand did not vary linearly as 
shown in Figure 6.7. In loose sand, the installation force and torque increased sharply at 
high helical plate diameter to core diameter ratio (Dh/Dc = 2.5) more than 3 times and 1.5 
times respectively, in comparison with the straight-shafted pile (SSP). This can be 
attributed to the soil disturbance and sand densification during the screw pile installation 
as the soil displaced volume increases with increasing helical plate diameter (Tsuha et al., 
2012), where the majority of the vertical force and torque are due to the shaft resistance. 
Comparison with the SSP rotated pile behaviour is represented in Figures 6.5 to 6.7 by 
Dh/Dc equal to 1.0.  
The installation of the screw pile with a large helical plate requires very high installation 
force and torque practically in dense sand in order to overcome the soil resistance during 
the installation. The results of the installation of a screw pile with a single helical plate 
showed that very high vertical force and torque, more than 4 MN and 1.2 MNm 
respectively, are required in order to install 1.25 m helical plate diameter in dense sand 
up to 10 m depth. The onshore driving machines can apply high torque about 2 MNm 
(Mori, 2003) whereas the applied force is very low up to 0.45 MN (Sarki & Ohki, 2003). 
Therefore, it is required to develop an appropriate installation plant with the required 
force and torque capabilities to be used offshore to install the screw piles in different soils 
types having different stress histories. 
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Figure 6.5: Influence of normalised helical plate diameter and soil relative density on 
vertical installation force at the end of the installation of a single helical plate screw pile 
 
 
Figure 6.6: Influence of normalised helical plate diameter and soil relative density on 
installation torque at the end of the installation of single helical plate screw pile 
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Figure 6.7: Variation of the normalised vertical force and torque of single helical plate 
screw pile at the end of the installation with the normalised helical plate diameter 
 
6.2.3 Multiple helical plate diameter (Dh) effects on the screw pile capacity 
Nine centrifuge tests were carried out to investigate the influence of helical plate diameter 
(Dh) influence on the screw pile capacity for piles with more than one helical plate. Screw 
piles with core diameter of Dc = 0.5 m and three different helical plates diameters (Dh = 
0.625, 1 and 1.25 m) were used which resulted in normalised helical plate diameter to 
core diameter of (Dh/Dc = 1.25, 2 and 2.5) respectively. The helical plate spacing ratio 
(S/Dh) of the screw piles was less than 2.5 for all the centrifuge tests (discussed in Sections 
4.2 and 7.2.3) to ensure a cylindrical failure mechanism during the test (S/Dh=2.0 & N=7 
for screw piles with 0.625 m, S/Dh= 2.5 & N =4 for screw piles with 1.0 m helical plate 
diameters, and S/Dh= 2.0 & N =4 for screw piles with 1.25 m helical plate diameters). 
Tables 5.3 and 5.4 show a summary of screw pile dimensions and centrifuge test results 
respectively. All the multiple helical plates screw piles (MHPs) were installed to a depth 
10 m (200 mm in model scale) at the same penetration rate (26.4 mm/min) with rotation 
speed (3.33 rpm). Figure 6.8 shows the vertical installation force (Fv) and torque (T) 
during the screw pile installations. The installation force and torque for the screw piles 
with multiple helical plates increased significantly with increasing helical plate diameter 
and sand relative density as shown in Figures 6.9. 
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Figure 6.10 showed that the vertical force (Fv) and installation torque (T) increased 
linearly with the increase in the helical plate diameter (Dh) for screw pile with multiple 
helical plates (MHP). The increase in the vertical force and torque for screw pile with 
multiple helical plates showed a similar behaviour to screw pile with a single helical pile 
(discussed in Section 6.2.2), as the increase in the installation force and torque with 
normalised helical plate diameter is due to the increase in the helical plate area. However, 
the increase in the vertical force and torque for screw pile with multiple helical plates 
(MHP) with the increase in the normalised helical plate diameter (Dh/Dc) were more 
distinct in comparison with single helical pile due to the increase in the number of the 
helical plates as shown in Figure 6.10. Also, in loose sand, the installation force and 
torque increased significantly by about 5.5 times at high helical plate diameter to core 
diameter ratio (Dh/Dc = 2.5), in comparison with straight-shafted pile (SSP). A 
comparison with the SSP rotated pile behaviour is represented in Figures 6.9 and 6.10 by 
Dh/Dc at 1.0. 
 
 
Figure 6.8: Vertical force and torque recorded during in-flight installation of screw piles 
with different helical plate diameters in sand of different relative density 
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Figure 6.9: Vertical force and torque for multiple helix screw piles with various helical 
plate diameters to shaft diameter ratio (Dh/Dc) 
 
 
Figure 6.10: Variation of the normalised vertical force and torque of multiple helical plate 
screw piles at the end of the installation with the normalised helical plate diameter 
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6.3 Comparison of centrifuge installation with previous centrifuge and field testing 
A comparison of the centrifuge tests of SSPs and screw piles with the work of others is 
discussed in this section. The centrifuge results for straight-shafted piles installed using 
push-in and rotation methods are compared with Deeks (2008), whereas the results of 
screw piles are compared with field tests reported by Sakr (2012) and Tappenden & Sego 
(2007). 
6.3.1 Straight-shafted pile installation results comparison with previous studies 
Deeks (2008) carried out a series of centrifuge tests to investigate the effect of installation 
method on the behaviour of cylindrical closed-ended straight-shafted pile models with an 
outer or core diameter Dc = 9.5 mm (0.38 m at prototype scale) in dry dense sand 
(Dr = 85%). The sand used in the centrifuge tests was Fraction E silica sand with a mean 
particle size D50 = 0.119 mm. The piles were manufactured from stainless steel which 
resulted in a soil-steel interface angle of 23o. The piles were installed in-flight at 40g using 
pushed-in and rotation methods up to a depth 130 mm (5.2 m at prototype scale). All the 
centrifuge tests carried out by Deeks (2008) were carried out with penetration speed of 
30 mm/min during the installation and 3 mm/min during the subsequent compression and 
tension tests. Three different installation pitches (1, 3.5 and 10) were chosen for 
comparison. 
The prototype shaft diameter of the piles used by Deeks (2008) (Dc = 0.38 m) was smaller 
than that selected in this study (Dc = 0.5 m). The pile tip in this study had a conical shape 
with an apex angle of 60 degrees, and the sand had a slightly lower relative density 
(Dr = 73%) than that adopted by Deeks (2008). Also, the installation and testing speed of 
the pile used in Deeks (2008) centrifuge tests were slightly higher than the speed that was 
adopted in this study (26.4 mm/min for installation, 3.33 rpm for rotation speed and 
1 mm/min for compression and tension tests). However, it is anticipated in the dry sand 
tests that the change in installation and testing rate had little effect on the measured 
results. Figures 6.11 and 6.12 show a comparison of installation force and torque for the 
straight-shafted pile installed using push-in and rotation methods in dense sand (Dr = 
73%) in comparison with previous centrifuge tests reported by Deeks (2008) installed 
using three different installation pitches (1, 3.5 and 10) for the tests TW6022, TW6017 
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and TW6018 respectively, in order to compare the results with pile installed using push-
in method of the test TW6015 (i.e. installation pitch (p) = 0). 
 
Figure 6.11: Vertical force and torque for the straight-shafted pile installed using push in 
and rotation methods in dense sand (Dr =73%) compared with previous centrifuge tests 
by Deeks (2008) 
 
 
Figure 6.12: Installation force reduction factor (f) during straight-shafted pile installation 
compared to previous centrifuge tests by Deeks (2008) 
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It can be seen from Figure 6.11 that the force required to install the straight-shafted pile 
using the push-in method in this study is slightly greater than the results of the centrifuge 
test (TW6015) reported by Deeks (2008). Whereas, the force required to install the 
straight-shafted pile using the rotation method was slightly lower than the results of the 
centrifuge tests for all of the different installation pitches reported by Deeks (2008). In 
contrast, the installation torque was higher in comparison with the centrifuge tests results 
for the lowest installation pitch (p=1) reported by Deeks 2008 (tests TW6022) and 
matched the other two tests (TW6017 & TW6018). Figure 6.12 shows the reduction factor 
(f) which is the ratio of the installation force using the rotation method (Fvr) to the 
installation force based on the pushed method (Fvp) for straight-shafted piles compared to 
those reported by Deeks (2008). 
vp
vr
F
F
f            (6-1) 
The results showed that reduction factor (f) increased with average values of 0.23, 0.32 
and 0.41 with increasing relative density as shown in Figure 6.12. However, the results 
of the centrifuge tests carried out by Deeks (2008) showed higher values for the reduction 
factor (f) and reduced with increasing the installation pitch (p) of the straight-shafted pile. 
These differences in pile behaviour can be attributed to the difference in the shaft diameter 
(Dc), installation pitch (p), interface friction angle (δ) and relative density (Dr). The model 
piles used in this thesis had a greater 0.5 m core diameter (at prototype scale) and were 
manufactured from mild steel which resulted in a slightly higher soil-steel interface angle 
of 24 degrees as measured by direct shear tests (Lauder, 2010). Also, the pile tip shapes 
were different to Deeks (2008) models which were closed-ended with a flat profile 
whereas the pile models used in this study had a conical end shape (apex angle of 
60 degrees). Deeks (2008) showed that an increase in the installation pitch (p) during pile 
installation increased the torque requirements and reduced the vertical force required to 
install the pile and vice versa as shown in Figure 6.11. The comparison of the test results 
shows that the centrifuge testing undertaken for straight-shafted piles in this study is 
comparable with that by Deeks (2008) and giving confidence in the approach adopted and 
the application of scaling used in this thesis. This comparison also suggests that pile tip 
geometry may have an influence on pile installation forces. During the installation of 
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closed-ended pile with a flat profile, a kinematic wedge (extended nose cone) will be 
developed underneath the pile tip with soil-soil interface (Figure 6.13) in comparison with 
soil-steel for the pile that has conical shape tip. 
 
 
Figure 6.13: Installation results of flat closed-ended pile for (a) the observed and (b) the 
schematic for the extended nose cone developed under pile tip (White & Bolton, 2004) 
 
6.3.2 Screw pile installation results comparison with previous studies 
In order to further validate the centrifuge testing and to check the validity of screw pile 
modelling results, the centrifuge tests results were compared with full-scale field tests 
reported by Sakr (2010b & 2011) and Tappenden & Sego (2007). A summary of the full-
scale field screw pile configurations is shown in Table 6.2. The installation torque for 
field tests of screw piles with a single large diameter helical plate installed in very dense 
sand reported by Sakr (2010b) and Tappenden & Sego (2007) were compared with 
centrifuge tests of single plate screw pile installed in dense sand (Dr = 73%) as shown in 
Figure 6.14. The field test results gave a good match to the centrifuge test (Dh = 0.5 m & 
Dh = 1.0 m) in particular, as expected as the field tests have a similar helical plate diameter 
to core diameter ratio (Dh/Dc = 2.0) as shown in Figure 6.14. The results showed that the 
installation torque for the Dh = 1.0 m case was comparable if not slightly higher than the 
measured field test at the same depth. This difference can be attributed to the fact that the 
tests carried out by Sakr (2010b) were predrilled to depths of 4.0 m and 4.5 m below the 
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ground level for the tests ST20P5 and ST22P7 respectively (to reduce initial torque 
requirements). Also, the helical plates of the screw piles used in this study have a pitch 
(p) of 0.395 m and thickness (th) of 0.07 m, which is higher than that used by Sakr (2010b) 
at 0.15 m and 0.025 m respectively. No comparison was made with the installation rate 
of the screw piles as it was not mentioned by Sakr (2010b) and Tappenden & Sego (2007). 
 
Table 6.2: Summary of full-scale field screw pile configurations (after Sakr, 2010b; Sakr, 
2011; and Tappenden & Sego 2007) 
Pile 
number 
Shaft Helical plate Spacing 
ratio 
S/Dh 
final 
depth 
(m) 
Dia., 
Dc (m) 
Thickness 
tc (mm) 
Dia., 
Dh 
(m) 
Thickness 
th (mm) 
Plate 
no., N 
ST20P5* 0.406 9.5 0.914 25.4 1 - 6.1 
ST22P7* 0.508 9.5 1.016 25.4 1 - 5.75 
ST24P8* 0.406 9.5 0.813 25.4 2 2 5.95 
ST31P8** 0.406 9.5 0.813 25.4 2 2 5 
ST32P8** 0.406 9.5 0.813 25.4 2 2 5 
T9*** 0.406 - 0.762 - 1 - 4.9 
* Sakr (2010b) 
** Sakr (2011) 
*** Tappenden & Sego (2007) 
 
 
Figure 6.14: Installation torque of single helical plate model screw piles installed in dense 
sand (Dr = 73%) compared to the field tests of Sakr, 2010b and Tappenden & Sego, 2007 
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The installation torque results for centrifuge tests of multiple helix plates (N = 3, 4, and 
7) screw piles in dense sand (Dr = 73%) were compared with field tests of screw piles 
with two helical plates (S/Dh = 2) of Sakr (2011). The results showed that the installation 
torque of the centrifuge test with multiple helical plates screw piles (MHPs) was higher 
than the measured field test as shown in Figure 6.15 . This is because the centrifuge tests 
of multiple helical plates screw piles (MHPs) have a greater core diameter (Dc = 0.5 m 
compared to 0.46 m), helical plate diameters (Dh = 1.0 m compared to 0.813 m) and 
helical plate numbers (N = 3, 4 & 7 compared to N = 2) as shown in Figure 6.15. 
 
Figure 6.15: Installation torque (T) of multiple helical plates screw piles (Dc = 0.5 m & 
Dh = 1.0 m) installed in dense sand (Dr = 73%) compared to previous full-scale field tests 
(Sakr, 2011) 
 
However, these two comparisons showed that although there are some differences 
between the different studies, the results suggest that centrifuge modelling of screw pile 
installation is valid and comparable with previous studies. 
 
6.4 Installation torque and force prediction based on cone resistance (CPT method)  
In order to adopt the screw pile technique for offshore foundations, the geometry of the 
piles would need to be scaled up, so they can provide the high capacities required for this 
application. Such a change in size and geometry will lead to uncertainties in predicting 
the required torque for installation in different soils types and stress histories. Without the 
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ability to predict these torques it is difficult for the industry to develop appropriate 
installation plant with appropriate torque capacities in different soils. This section 
presents a correlation between the CPT cone penetration tests (cone resistance = qc) with 
the installation force and torque based on the centrifuge tests results of screw piles. 
The installation torque (T) and vertical force (Fv) of the straight-shafted piles and screw 
piles were correlated to the average cone resistance (qca). The average cone resistance 
(qca) was computed as the average value over a distance 1.5 times the screw pile helical 
plate diameter (1.5 Dh) above and below the pile tip as suggested by Bustamante and 
Gianeselli (1982). In the case of the centrifuge tests, it was found that averaging the value 
of the cone resistance had little effect on the cone resistance magnitude as the increase in 
the cone resistance was relatively linear with depth (see Appendix 1). This estimation 
method was firstly developed for straight-shafted piles (SSP) and adapted for screw piles 
with a single helical plate (SFP) and then multiple helical plates (MFP) as shown in the 
following sections. 
6.4.1 Installation torque and force estimation for a straight-shafted pile (SSP) 
The torque and force that develop during the installation of a closed-ended straight-
shafted pile (SSP) are assumed here to be generated due to shaft frictional resistance and 
base bearing resistance during penetration of the straight-shafted pile (using the pushed-
in method). However, the installation vertical force (Fv) of the straight-shafted pile was 
significantly reduced due to the rotation of the pile during the penetration in the soil by 
applying a torque at the pile head (T) (using the pushed-in method) as shown in Figure 
6.2 and Table 6.1. Figure 6.16 shows the force and torque resistance components acting 
on a straight-shafted pile due to the applied vertical force (Fv) and torque (T) during 
installation. To incorporate the previously discussed reduction in the installation force 
(Section 6.3.1), a reduction factor (f) due to pile rotation (Equation 6.1) was used to 
estimate the installation force and torque based on the CPT cone resistance (qc). This 
reduction factor (f) varied with sand relative density as shown in Figure 6.16b and the 
average values over the pile penetration length are shown in Figure 6.12 and summarised 
in Table 6.3. The reduction factor (f) was applied equally to reduce both the shaft and 
base resistance due to the pile rotation during the installation of straight-shafted piles. 
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This is based on a study carried out by Deeks & White (2008) using centrifuge tests of 
straight-shafted piles, as it was found that the shaft resistance and base resistance were 
reduced by 0.75 and 0.7 respectively due to the pile rotation during the installation of 
straight-shafted piles in comparison with push-in piles. 
 
Figure 6.16: Straight-shafted pile details of (a) the proposed force and torque resistance 
during installation and (b) the average rotation reduction factor variation with sand 
relative density 
 
The prediction of the installation force (Fv) is based on the average cone resistance of 
CPT centrifuge tests which were carried out in sand was achieved using the following 
equations: 
bsv FFF            (6-2) 
LfDaqF ccavs  )(tan         
 (6-3)  
f
D
qF ccab
4
2
                         
 (6-4) 
where Fv is the installation vertical force; Fs is the shaft resistance force; Fb is the base 
force; a is the stress drop cofficient (Lehane et al., 2005 stated that it is equal to CPT 
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friction ratio (Fr) divided by (tanδ) of the CPT cone) (Table 6.3); qcav: average cone 
resistance; : interface friction angle between the pile material and the sand; L: pile 
length; Dc: pile core diameter; and f: rotation reduction factor (Table 6.3). 
Table 6.3: Average values of stress drop coefficient (a) based on CPT centrifuge tests and 
rotation reduction factor (f) of SSP installed in sand up to depth 10 m at prototype scale 
(200 mm at model scale) 
Sand relative 
density, Dr (%) 
Stress drop 
coefficient, a (%) 
Rotation reduction 
factor, f (-) 
31 1.6 0.23 
55 2.5 0.32 
73 5.3 0.41 
 
 
The torque (T) that develops during installation of a closed-ended straight-shafted pile is 
assumed to be generated due to shaft and base frictional resistances during penetration 
into the soil.  
bs TTT                                      (6-5) 
2
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        (6-7)  
where: T is the installation torque; Ts is the shaft resistance torque; Tb is the pile base 
resistance torque; and r is the distance to the pile centre. 
The pile shaft torque resistance (Ts) represents the torque developed on the pile shaft 
during the installation. Ts was calculated by multiplying the frictional resistance (a×qcav) 
by the shaft area (πDcL) times the distance to the pile circumference (Dc/2). The pile base 
torque resistance (Tb) accounts for the torque applied to the pile tip during the installation. 
Tb was calculated by integrating the end bearing resistance (qb) over the annular pile tip 
element area (2πr) multiplied by the distance to the pile centre (r). 
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The torque required during the installation of a straight-shafted pile (T) is thus controlled 
by the applied vertical force (Fv) during the installation (crowding force) in sand which 
is the sum of the shaft resistance force (Fs) and base bearing force (Fb). Therefore, it 
would appear that this is an important parameter or measurement that should be captured 
during field installation and highlights potential inadequacies in correlating final pile 
capacity to installation torque as highlighted by Byrne & Houlsby (2015) where vertical 
force is not measured or controlled. 
Lehane et al. (2005) proposed a value of 0.03 (based on friction ratio of 0.01 and smooth 
interface friction angle of 18o) for the stress drop coefficient (a) as an input parameter in 
the shaft resistance expression for the UWA-05 method (CPT based pile design method 
for driven piles in sand). The value of the stress drop coefficient (a) is equal to the cone 
friction ratio (Rf) divided by (tan δ) where the friction ratio (Rf) is the ratio of cone sleeve 
friction (fs) to the average cone tip resistance (qcav) determined directly from the CPT 
data. Based on the centrifuge CPT tests, it was found that the friction ratio (Rf) varied 
with sand relative density which results in a different value for stress drop coefficient 
(a=Rf/tanδ) as shown in Table 6.3. Different values were suggested previously for the 
friction ratio (Rf); Gavin et al. (2013) and Spagnoli (2017) assumed the value of 1% for 
the friction ratio (Rf) in the correlation of the shaft installation torque with CPTs. Based 
on the CPT centrifuge tests results, it was found that the stress drop coefficient (a) 
increased with increasing CPT cone resistance (qc) as shown in Figure 6.17a. Also, the 
variation of the stress coefficient (a) with the normalised cone resistance (QT) is illustrated 
in Figure 6.17b to take the vertical stress into account and present the CPT cone resistance 
as a dimensionless value. The centrifuge CPT tests results showed a very high friction 
(Rf) ratio for dense sand (Dr = 73%) of about Rf = 3% as a result of low magnitude of the 
CPT cone resistance (qc) at final depth (200 mm in model scale) which resulted in high 
value for the stress drop coefficient (a = 5.2%) as shown in Table 6.3 in comparison with 
the value suggested for the stress drop coefficient (a = 3%) by Lehane et al. (2005). The 
reason for this is unclear and it is suggested that in future studies, this value for dense 
sands is further verified. However, the values of the stress drop coefficient (a) shown in 
Table 6.3 corresponding to each relative density were used in the Equation (6-3) for the 
shaft resistance force (Fs). 
Chapter 6       Physical modelling: pile installation results and discussion 
175 
 
 
 
Figure 6.17: Variation of the stress drop coefficient for a straight-shafted pile with (a) 
CPT cone resistance (qc) and (b) normalised CPT cone resistance (QT) 
 
This proposed method was used to estimate the installation force (Fv) and torque (T) of 
straight-shafted pile installed in sand with different relative densities using the Equations 
(6-2) and (6-5) respectively, and the results were compared with centrifuge tests results 
as shown in Figure 6.18. The results show good agreement between the CPT correlation 
method (CPT method) and the installation torque results of the straight-shafted pile (SSP) 
in sand with different relative densities with the predicted torque slightly higher (about 
5%) at the end of the installation. Also, the estimated force based on the CPT method 
showed comparable results with the measured installation force of straight-shafted pile in 
loose and medium dense sand. However, the predicted force in dense sand was 
underestimated (about 25%) of the measured force at the end of the installation of the 
straight-shafted pile in dense sand. Therefore, this method may require further 
development in order to estimate the installation force and torque more accurately in 
dense sand and may relate to the high values of stress drop index noted above. There may 
be some small difference in the results due to the accuracy of the sand density achieved 
during the sand model preparation (±3%) as the tests were carried out in different boxes. 
Therefore, the CPTs should be carried out close to the screw pile position for full-scale 
tests and in the same box (same prepared soil model) for centrifuge tests. 
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Figure 6.18: A comparison of the proposed CPT prediction method and measured 
installation force and torque for straight-shafted piles (SSP) installed using the rotation 
method for different relative densities 
 
6.4.2 Installation force and torque estimation for a screw pile (SP)  
The force (Fv) and the torque (T) required to install a screw pile is the sum of the shaft 
frictional resistance and base bearing components (as discussed in Section 6.4.1) in 
addition to the frictional resistance associated with the helical plate(s) as shown in 
Figure 6.19a. Therefore, the method proposed in the Section 6.4.1 for the straight-shafted 
pile (for estimation of the shaft installation force and torque) was used for force and torque 
estimation with addition of helical plates. The installation force associated with frictional 
shaft resistance (Fs) and base bearing (Fb) can be estimated using Equations (6-3) and (6-
4) respectively. However, the helical plate resistance force (Fh) is the sum of the helical 
plate bottom resistance (Fh1), the side friction of the helical plate (Fh2) and the leading 
edge of the helical plate (Fh3) ) during penetration into the sand (Figure 6.19b) and was 
estimated based on the CPT average cone resistance (qca). 
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Figure 6.19: The proposed forces resistance acting on (a) a single helical plate screw pile, 
and (b) the helical plate 
 
Three equations for each component were developed to estimate the installation torque 
and force due to helical plate frictional resistance based on CPT average cone resistance 
(qcav) as per the following procedure. The force (Fv) exerted during installation of a screw 
pile was predicted using the following equation: 

n
hibsv FFFF         (6-8) 
 
n
ihihihhi FFFF 321          (6-9) 
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where Fv is the total vertical force which is required for screw pile installation; Fs is the 
force due to shaft resistance; Fb is the force due to base bearing; and Fh is the force 
associated with helix resistance. 
For this theoretical model, it was assumed that the torque resistance of the screw pile 
helical plate is the sum of the helical plate bottom frictional resistance (Th1), the side 
friction along the helical plate circumference (Th2), and the helical plate leading edge 
bearing resistance (Th3) during penetration into the sand as shown in Figure 6.20. The 
torque (T) exerted during installation of a single helical plate screw was predicted using 
the following equation: 

n
hibs TTTT         (6-13) 
The installation torque due to the resistance of the screw pile shaft (Ts) and base (Tb) was 
estimated using the Equations (6- 6) and (6-7) respectively. However, the torque exerted 
due to helical plate resistance (Th) is the sum of the helical plate bottom resistance (Th1), 
the side friction of the helical plate (Th2), and the leading edge of the helical plate (Th3) as 
shown in Figure 6.20b and it was estimated based on the CPT average cone resistance 
(qcav) using the following procedure: 
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where Dh is the helical plate diameter; Dc is the screw pile core diameter; th is the helical 
plate thickness; Ko is the earth pressure coefficient at rest (Ko=1-sinϕ′); r is the distance 
from the element to the pile centre and a is the stress drop coefficient.  
 
 
 
Figure 6.20: The proposed torque resistance acting on (a) a single helical plate screw pile; 
(b) the helical plate; and (c) plan view of the screw pile helical plate 
 
The helix base or bottom resistance (Th1) represents the torque generated on the bottom 
or underside of the helix during the installation as shown in Figure 6.20b. Th1 was 
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calculated by integrating the frictional resistance (aqca) over the annular helix element 
area (2πr) multiplied by the distance to the pile centre (r) as shown in Figure 6.20c. The 
earth pressure at rest is used to simply vary the radial stress determined from CPT results 
modified by the stress drop coefficient into an at rest vertical stress case on the helix plates 
during installation. It is acknowledged that this may be conservative and assumes that the 
helical plate is installed in a controlled manner rather than being pushed into the soil and 
generating significant bearing capacity. It should also be noted that for practical screw 
pile design it has been proposed that the force or stress under each helix would be better 
represented by 0.3 times Kp (Kp=(1+sinϕ)/(1-sinϕ)) which may prove a better 
approximation than using Ko (where Ko = 0.47 in this case and 0.3Kp = 0.98 for a critical 
state friction angle of 32 degrees). This value (0.3Kp) was adopted by Ghaly & Hanna 
(1991) for their proposed theoretical model to represent the lateral stress development 
during the installation of screw piles in sand. 
The circumferential helix resistance (Th2) accounts for the torque resistance at the 
circumference of the helix during the installation as shown in Figure 6.20b. Th2 was 
calculated by multiplying the normal radial stress on the pile edge (aqca) by the helix 
circumferential area (πthDh) times the distance from the helix circumference to the pile 
centre (Dh). The helix leading edge resistance (Th3) is the torque resistance due to the 
leading edge of the helix plate penetrating the soil during the installation as shown in 
Figure 6.20b. Th3 was calculated by integrating the cone resistance (qca) over the leading-
edge area (th dr) multiplied by the distance to the pile centre (r). This assumes that at 
depth the horizontal passive resistance to the leading edge penetration can be represented 
simply by vertical cone resistance. 
The results of CPT based prediction method (Equations 6-8 & 6-13) were compared with 
centrifuge tests results of a screw pile with a single helical plate (Dh = 1.0 m) are shown 
in Figure 6.21 and a previous CPT-based method proposed by Gavin et al. (2013) as 
mentioned in Section 2.7.2. The results show a good agreement between the CPT 
correlation method and the installation force and torque results of single helical plate 
screw pile in medium dense sand with some over-prediction of the installation force in 
loose and dense sand.  The method proposed by Gavin et al. (2013) showed comparable 
results to the CPT correlation method in loose and medium dense sand whereas it over-
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predicted the installation torque in dense sand as shown in Figure 6.21. Also, this method 
overpredicts the installation force in dense sand as the force contribution of the helix is 
high which overestimated the vertical force for single helical plate screw pile whereas it 
was underestimated for straight-shafted pile as shown in Figures 6.18 and 6.21. 
 
Figure 6.21: A comparison of the proposed CPT prediction method for installation force 
and torque compared with those measured during the installation of a single helical plate 
screw pile (SHP) with 1.0 m helix diameter (Dh) 
Also, this proposed method (Equations 6-8 & 6-13) was used to estimate the force and 
torque (Figure 6.22) during the installation of a screw pile with 1.0 m helical plate 
diameter and various helical plate spacing ratios (S/Dh = 1.25, 2.5 & 3.75) installed in 
sand at different relative densities with different helical plates number (N = 7, 4 & 3) 
respectively. The results show good agreement between the proposed CPT method and 
the installation torque results for multiple helical plate screw piles with helical plate 
spacing ratio (S/Dh) of 3.75. However, the predicted installation torque using this method 
under-estimated the measured torque for helical plate spacing ratios equal or less than the 
optimum helical plate spacing ratio (assumed to be S/Dh = 2.5) as was determined based 
on the numerical modelling of screw piles with multiple helical plates in Section 4.2 and 
also confirmed by centrifuge tests results (see later). Also, the screw pile with high 
spacing ratio potentially has less soil disturbance due to a lower helical plate number per 
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unit length in comparison to a screw pile with a lower spacing ratio (i.e. more helical 
plates). 
  
Figure 6.22: Comparison of the proposed method and measured force (Fv) and torque (T) 
during installation of multiple helical plate screw piles (Dh = 1.0 m) with different helical 
plate spacing ratios (S/Dh) in sand at various relative densities 
 
The difference between the measured results and the predicted installation force and 
torque of a screw pile with multiple helical plates is attributed to the soil disturbance 
during the installation as the penetration of the screw pile in the sand during the 
installation will change the sand initial condition (i.e. relative density) which will be 
increased with the number of helical plates (N). Previous studies on displacement pile 
installation effects on the soil densification showed that the sand will be densified during 
the installation of the pile due to replacement of the volume of the sand with the 
displacement pile volume which has a significant influence on the pile installation 
resistance and the capacity (Stuedlein & Gianella, 2016; and Stuedlein et al., 2016). Also, 
the change in the soil state is based upon the initial soil density, as the soil can be loosened 
Chapter 6       Physical modelling: pile installation results and discussion 
183 
 
or densified whereas the local stress regime will be increased due to cavity expanding 
during the pile installation. However, the soil disturbance during screw pile installation 
is due to the presence of the helical plates as shown in Figure 6.23. According to Tsuha 
et al. (2012), screw piles cause greater soil disturbance during the installation and the 
volume of sand disturbed during the installation increases with increasing the screw pile 
helical plate diameter (Dh) and number (N).  
 
 
Figure 6.23: Sand disturbance during screw pile installation with multiple helical plates 
in sand 
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6.5 Theoretical model method (TM) for installation force and torque estimation 
6.5.1 Installation force and torque estimation for straight-shafted piles (SSPs) 
An analytical torque prediction method is proposed for the prediction of the required force 
(Fv) and torque (T) to install straight-shafted piles (using the rotation method) in sand 
with different relative densities. 
The installation force (Fv) of a straight-shafted pile (SSP) is the sum of the shaft frictional 
resistance (Fs) and base bearing resistance (Fb) as shown in Figure 6.16a. The installation 
force (Fv) of a straight-shafted pile (SSP) installed using the rotation method was 
predicted based on the following equations: 
bsv FFF           (6-17) 
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The torque generated during installation of a straight-shafted pile (SSP) is generated due 
to shaft frictional resistance and base bearing resistance as shown in Figure 6.16a. The 
installation torque (T) was estimated based on the following equations:  
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Where γ′ is the effective unit weight of sand; L is the pile length; Dc is the pile core 
diameter; δ is the interface friction angle; Nq is the bearing capacity factor; K is the lateral 
earth pressure cofficient (K = 1.5Ko); Ko is the lateral earth pressure cofficient at rest 
(Ko=1-sinϕ′) (Jaky, 1944); δ is the interface friction angle between the pile and sand; ϕ′ 
is the sand internal friction angle; L is the pile length; Dc is the pile core diameter; and f 
is the pile rotation reduction factor (Table 6.3). 
The lateral earth pressure coefficient (K) was taken to be 1.5Ko to represent a 
displacement pile as suggested by Kulhawy (1984). Also, this value for lateral earth 
pressure coefficient (K = 1.5Ko) has been suggested for the skin friction estimation of 
grillage foundations for offshore projects (Brown et al., 2012). 
The angle of interface friction (δ) between the pile material (mild steel) and the sand was 
taken as to 24o (Lauder, 2010). Based on the centrifuge tests of the straight-shafted pile, 
the value of bearing capacity factor was determined based on the sand friction angle (ϕ′) 
using the following equation proposed by Meyerhof (1963). 

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2
452
 taneN tanq        (6-23) 
This proposed theoretical model (TM) method (Equations 6-17 & 6-20) was used to 
estimate the force and torque encountered during the installation of straight-shafted piles 
using the rotation method as shown in Figure 6.24. The results showed good agreement 
between the proposed theoretical model and the installation torque results. However, the 
predicted force and torque was underestimated in dense sand about 15% and 40% 
respectively, as shown in Figure 6.24. This behaviour can be attributed to the use of a low 
value for lateral earth pressure coefficient (K = 1.5Ko) as proposed by Kulhawy (1984) 
and also a lower value for the bearing capacity factor (Nq) based on Equation (6-23). 
However, the use the lateral earth pressure coefficient proposed by Mitch and Clemence 
(1985) (K = 0.09e0.08ϕp) which was adopted for continuous helical displacement (CHD) 
piles by Jeffery et al. (2016) overestimates the force and torque in dense sand by about 
15% and 35% respectively. Therefore, it is necessary to use an appropriate value for the 
lateral earth pressure (K) and the bearing capacity factor (Nq) for the theoretical model 
(TM) method (Equations 6-18 & 6-21) which can be determined by using centrifuge tests 
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on a straight-shafted pile model with instrumentation allowing separation of the pile shaft 
and end bearing components. 
 
Figure 6.24: Comparison of the proposed theoretical model (TM) method and the 
measured (a) force and (b) torque during installation of a straight-shafted pile (SSP) using 
the rotation method in sand at different relative densities 
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6.5.2 Installation force and torque estimation for screw piles with single (SHP) and 
multiple helical plates (MHP) 
A theoretical model (TM) method is proposed for the prediction of the required force (Fv) 
and torque (T) to install screw piles with different helical plate numbers (N) in sand. Also, 
a comparison was made between this proposed method and methods proposed by Ghaly 
and Hanna (1991) and Sakr (2015). The installation force (Fv) developed during the 
installation of a screw pile is the sum of screw pile shaft (Fs), base (Fb) and the helical 
plate(s) (Fhi). The installation force (Fv) can be estimated using the following equation: 

N
hibsv FFFF         (6-24)  
The installation force due to the resistance of the screw pile shaft (Fs) and base (Fb) was 
estimated using the Equations (6-18) and (6-19) respectively (Section 6.5.1). The force 
developed due to helical plate(s) resistance force (Fhi) is the sum the force resistance due 
to passive earth pressure acting on the lower surface of the helical plate (Fh1), the force 
resistance due to passive earth pressure acting alongside the helical plate outer perimeter 
(Fh2) and force resistance due to leading edge penetration of the helical plate (Fh3) which 
are components of the force acting on the helical plate during the screw pile installation 
as shown in Figure 6.19b. Hence, the helical plate resistance force (Fh) was estimated as 
shown in the following procedure: 
321 iiii hhhh
FFFF          (6-25)  
The resistance due to passive earth pressure acting on the lower surface of the helical 
plate (Fh1) can be estimated using the following equation: 
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The resistance due to passive earth pressure acting alongside the helical plate outer 
perimeter (Fh2) can be predicted using the following equation: 
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 hhphih DtkHF i  tan2         (6-27) 
The force resistance due to leading edge penetration of the helical plate (Fh3) is given by 
the following equation: 
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Similarly, the torque (T) required to install a screw pile is the sum of the helical plate(s) 
frictional resistance (Thi) in addition to the shaft and base frictional resistance estimated 
using the Equations (6-21) and (6-22) respectively (Section 6.5.1). The helical plate 
torque contribution was based upon three components acting on the helical plate during 
the installation of the screw pile as shown in Figure 6.20b. The torque (T) exerted during 
installation of a screw pile with single or multiple helical plates was predicted using the 
following equation: 

N
hbs i
TTTT         (6-29)  
The installation torque due to the resistance of the screw pile shaft (Ts) and base (Tb) was 
estimated using the Equations (6-21) and (6-22) respectively. The torque developed due 
to helical plate(s) resistance (Thi) is shown in the following procedure: 
321 iiii hhhh
TTTT          (6-30)  
The torque resistance due to passive earth pressure acting on the lower surface of the 
helical plate is given by: 
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The torque resistance due to passive earth pressure acting on the alongside side the helical 
plate perimeter can be calculated using the following equation: 
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The torque resistance due to leading edge penetration of the helical plate is given by: 
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Where Dc is the screw pile shaft diameter Dh is the helical plate diameter; th is the helical 
plate thickness; Kp′ is the modified coefficient of passive earth pressure; δ is the interface 
friction angle; Nq is the bearing capacity factor (Equation 6-23); r is the distance to the 
pile centre; and Hhi is the helical plate depth. 
The modified coefficient of passive earth pressure (Kp′) was adopted based upon a 
reduction of the passive earth pressure coefficient (Kp, where Kp=(1+sinϕ)/(1-sinϕ)). The 
value of Kp′ was determined based on an investigation carried out by Clemence and Pepe 
(1984) by measuring the lateral stress development during the installation of screw piles 
with multiple helical plates in medium dense and dense sand using stress cells which were 
placed at different depths and oriented so that the sensing diaphragm of the stress cell was 
vertical and faced the screw pile helical plates. It was found that the lateral stress 
development during the installation of a deep screw pile was of the order of 0.2 Kp for 
medium sand and 0.4 Kp for dense sand. Ghaly & Hanna (1991) adopted Kp′=0.3 Kp as an 
average value for the lateral passive earth pressure for their theoretical model to calculate 
the installation torque in sand with different relative densities, whereas Sakr (2015) 
proposed using full Kp (Kp′=Kp). In this study, an average value for the lateral passive 
earth pressure (Kp′=0.3 Kp) was assumed to be developed during the installation of the 
screw pile, and this value is in line with the adopted value by Ghaly & Hanna (1991) and 
is comparable with that reported by Clemence and Pepe (1984). 
The theoretical model (TM) method based on Equations (6-25) and (6-29) was used to 
estimate the installation force (Fv) and torque (T) of single and multiple helical plate 
screw piles as shown in Figures 6.25 and 6.26 respectively. The results of the estimated 
installation torque were slightly underestimated in medium dense sand (about 22%) and 
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significantly under estimated in dense sand (about 48%) as shown in Figure (6-25b). Also, 
the estimated force based on this theoretical model was under-predicted in dense sand 
(about 20%) and overestimated in loose sand (about 40%) as shown in Figure (6-25a). 
However, the results of the predicted installation torque based on the theoretical model 
method proposed by Ghaly and Hanna (1991) underestimated in dense sand (about 27%) 
and overestimated in loose and medium dense sand by about 40% and 71% respectively 
as shown in Figure 6.25. Also, Figure 6.25 showed that the predicted installation force 
(Fv) and torque (T) of single helical screw pile (Dh= 1.0 m) based on the theoretical model 
method proposed by Ghaly and Hanna (1991) did not vary significantly with the variation 
of relative density. 
For screw piles with multiple helical plates, the proposed theoretical model (TM) method 
underpredicted the installation force and torque for screw piles with different helical plate 
spacing ratio (1.25 ≤ S/Dh ≤ 3.75) installed in sand with different relative densities as 
shown in Figure 6.26. Also, predicted installation torque based on the theoretical model 
(TM) method proposed by Sakr (2015) overestimated the measured torque for a screw 
pile with multiple helical plates. 
This can be attributed to the theoretical model being based on the screw pile geometry, 
sand properties and the interface friction angle between the sand and screw pile material; 
and ignores the screw pile installation effects (i.e. soil disturbance) which may have 
considerable effect on the test results as highlighted by Sakr (2015).  
 
Chapter 6       Physical modelling: pile installation results and discussion 
191 
 
 
Figure 6.25: Comparison of estimated and measured (a) force and (b) torque during 
installation for single helical plates screw piles (Dh = 1.0 m) in sand based on the proposed 
theoretical model method (TM) 
 
 
 
Figure 6.26: Comparison of estimated and measured (a) force and (b) torque during 
installation of multiple helical plates screw piles (Dh = 1.0 m) in sand based on the 
proposed theoretical model (TM) method 
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6.6 Reliability of proposed methods for torque estimation 
The proposed methods based on the CPT average cone resistance data (CPT method) and 
the theoretical model method (TM method) were assessed for their ability to estimate the 
installation torque. The field test results of installation torque and CPT tests data reported 
by Gavin et al. (2013) and Zhang (1999) were used for the validation of the proposed 
CPT method whereas the field test reported by Sakr (2012) were also used to validate the 
theoretical model method (TM). 
 
6.6.1 Reliability of the proposed CPT method for torque estimation 
The proposed CPT method for screw pile installation torque prediction was validated 
based on full-scale tests results from Blessington, a University College Dublin (UCD) 
test site using the CPT data (qc) reported by Gavin et al. (2013). The sand at the site is 
heavily over-consolidated fine-grained (D50 = 0.1-0.15 mm) with internal friction angle 
of 37o and peak friction angle of 44.6o at relative density of 85% (Tolooiyan and Gavin, 
2011; and Spagnoli, 2017). The screw piles had a 0.11 m core diameter (Dc) with a single 
helical plate of 0.4 m diameter (Dh) placed 0.13 m above screw pile tip. The data from 
CPT tests 1 and 9 reported by Gavin et al. (2013) were digitised and used for the CPT 
method as they gave average values of the cone end resistance (qcav) and sleeve friction 
(fs) respectively. The CPT method procedure for a screw pile (Section 6.4.2) was used to 
estimate the installation torque (Equation 6-13) as shown in Figure 6.27. The results show 
that the proposed CPT method offered a good prediction in comparison to the estimated 
torque based on the method proposed by Spagnoli (2017) which over predicted torque 
requirements by 80% as shown in Figure 6.27. The CPT method proposed by Spagnoli 
(2017) was modified further by modifying Equation 2-53 mentioned in (Section 2.7.2) 
for estimating helical plate uplift capacity using the following equation:  
huph AqQ            (6-34) 
where qup is the helix uplift resistance; and Ah is the helical plate area. 
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The results based on this modified equation show a comparable prediction with the 
proposed CPT method for the installation torque based on the field tests of single helical 
screw pile as shown in Figure 6.27. 
 
 
Figure 6.27:  Comparison of field tests results of a single helix screw pile (Dc = 0.11m & 
Dh = 0.4m) of Gavin et al. (2013) with estimated torque proposed CPT method in 
comparison to the method proposed by Gavin et al. (2013) and Spagnoli (2017) 
 
Also, this proposed method was further verified against another case study following the 
field work of Mori (2003) on the installation of a “Tsubasa pile”. This pile had a core 
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diameter of 0.8 m and a circular wing made of two semi-circular plates, with a diameter 
of 1.6 m, fixed at the pile toe at opposing angles to give a pitch of 1.3 m. Thus, the 
geometry was different from a classic screw pile as shown in Figure 6.28. The pile was 
installed to a depth of up to 60 m in silty fine sand. In order to correlate the CPT cone 
resistance to the measured installation torque (T), the CPT cone resistance (qc) was 
estimated from the interpretation and back calculation of the reported SPT N values using 
the correlation proposed by Robertson et al. (1986). From the average qc and overburden 
stress, the normalised cone resistance was calculated and from the correlations provided 
in Lunne (1997), the average friction ratio was assumed to be Rf = 1% for the silty sand 
encountered. The proposed CPT method was used to estimate the installation torque and 
compared with the methods proposed by Gavin et al. (2013) and Spagnoli (2017) in 
Figure 6.29. 
The results show that the proposed CPT method gave a good prediction of the installation 
torque up to depth 45 m and overestimated (about 60%) the torque after depth of 45 m as 
shown in Figure 6.29. However, these are much closer than the torque calculated using 
the equations suggested by both Gavin et al. (2013) and Spagnoli (2017) (Section 2.5.2), 
which both show a significant overprediction of the torque, particularly between 2-15m 
and 43-60m depth. The method proposed by Gavin et al. (2013) and Spagnoli (2017) is 
based on empirical factors whereas the proposed method here is based on a theoretical 
model and account for each part of the screw pile behaviour separately (i.e. pile shaft, pile 
base, and the helical plate). 
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Figure 6.28: Tsubasa pile (Dc = 0.8m & Dh = 1.6m) (after Mori, 2003) 
 
 
Figure 6.29: Comparison of field tests results of a single helix pile “Tsubasa pile” 
(Dc = 0.8m & Dh = 1.6m) from Mori (2003) with estimated torque from the proposed CPT 
method and the methods proposed by Gavin et al. (2013) and Spagnoli (2017) 
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6.6.2 Reliability of theoretical model (TM) method for installation torque prediction 
The theoretical model for torque prediction was validated against the field tests results of 
screw piles installed in dense sand reported by Sakr (2011). The screw piles had a 0.406 m 
core diameter (Dc) with two helical plates 0.813 m in diameter (Dh) placed at distance 0.4 
and 2.0 m above screw pile tip (S/Dh = 2.0). The theoretical model for torque prediction 
was used to estimate the installation torque based on the soil parameters reported by Sakr 
(2011) that were estimated from CPT and SPT data as shown in Figure 6.30. The modified 
theoretical model method (TM) showed good prediction of the installation torque for field 
tests of screw piles installed at Sites 2 & 4 and slightly underpredicted the installation 
torque of screw piles installed in Site 3, whereas the method proposed by Ghaly & Hanna 
(1991) and modified by Sakr (2015) overestimated the installation torque at all sites as 
shown in Figure 6.30. In spite of the TM method was proposed for sandy soil and the top 
sand layer properties were used for the torque prediction for the test ST41P8 in Site 4 
(Sakr, 2011), but the TM method showed a good prediction of the installation torque in 
clay up to depth 8 m and overpredicted at the end of the screw pile installation at depth 
12.5 m (about 38%) as shown in Figure 6.30. 
 
Figure 6.30: Estimation of torque based on the Ghaly & Hanna method (1991), Sakr 
method (2015) and proposed theoretical model compared to field tests results of double 
plate screw piles installed in very dense sand (Sakr 2011) 
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6.7 Summary 
This chapter presented and discussed the installation results of a series of centrifuge tests 
of straight-shafted piles and screw piles installed and tested in-flight at 50g. CPT cone 
resistance (CPT method) and theoretical model (TM) methods were developed to estimate 
the installation force (Fv) and torque (T) of straight-shafted piles and screw piles. A 
summary can be drawn as follows: 
1- Two methods were used to install the straight-shafted piles namely: the push in 
method (applying purely vertical force) and the rotation method (applying a vertical 
force and torque simultaneously). The centrifuge tests on the straight-shafted piles 
showed that the installation method has a significant influence on the pile behaviour 
in sand. The results showed that the installation force (Fv) was substantially reduced 
when the straight pile is rotated during the installation in the rotation method. The 
vertical installation force (Fv) was reduced by by 59%, 70% and 77% with changing 
sand relative density 73%, 55% and 31% respectively. 
2- The installation results of screw pile with a single helical plate showed that vertical 
force (Fv) and installation torque (T) increased gradually with increasing helical plate 
diameter (Dh) of the screw piles installed in sand. However, the vertical force (Fv) and 
installation torque (T) increased significantly with increasing helical plate diameter 
of screw pile with multiple helical plates installed in sand.  
3- The centrifuge tests results of the installation of a screw pile with multiple helical 
plates showed that very high vertical force (up to 6.5 MN) and torque (2 MNm) are 
required in order to install a screw pile with helical plates diameter (Dh = 1.25 m) and 
helical plate spacing ratio (S/Dh = 2) in dense sand up to 10 m depth. The onshore 
driving machines for screw pile installation can apply a limited value of vertical force 
(0.45 MN), and hence it is required to develop an appropriate installation plant with 
the required force and torque capabilities. 
4- Two approaches were suggested based on CPT cone resistance (CPT method) and 
theoretical model method (TM method) to estimate the screw pile installation force 
(Fv) torque (T) in sand at different relative densities. These methods gave better 
predictions than other established methods for the installation torque of a straight-
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shafted pile and screw piles with different configurations installed in sand at different 
relative densities.  
5- The CPT method for installation force and torque prediction showed a good 
estimation of the installation torque of straight-shafted piles and screw piles with 
different geometries installed in sand with different relative densities. However, the 
predicted force was underestimated for straight-shafted piles and overestimated for 
screw piles especially in dense sand. 
6- The CPT method for installation torque prediction of screw piles with a single helical 
plate was compared with the previous method for torque estimation base on the CPT 
data proposed by Gavin et al. (2013) and Spagnoli (2017). The proposed CPT method 
showed good prediction of installation force and torque of the screw piles installed in 
sand at different relative densities. Also, these methods were verified against field test 
of screw piles and compared with previous methods. 
7- The TM method for installation force and torque prediction showed a good estimation 
of the installation force and torque of straight-shafted piles in sand with different 
relative densities. However, the TM method underpredicted the installation force and 
torque for screw piles with different geometries in comparison with centrifuge tests 
of screw piles with different geometries. This TM method is based mainly on the sand 
properties and screw pile geometries and ignores the soil disturbance during the screw 
pile installation which increase with increasing helical plate number (N). However, 
the TM method showed an acceptable prediction of the installation torque in 
comparison with field tests of screw piles installed in sand carried by Sakr (2011). 
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Chapter 7: Physical modelling: Pile capacity results and discussion  
7.1 Introduction 
The centrifuge tests results of straight-shafted piles and screw piles are presented and 
used for comparison with the numerical modelling (FEA 3D) that was described in 
Chapter 4. These centrifuge tests were carried out to investigate the installation method 
and screw pile geometry effects on the capacity of straight-shafted piles and screw piles. 
Twenty-nine (29) centrifuge tests in total were carried out at 50g acceleration with all 
straight-shafted piles and screw pile models installed to a depth of 200 mm (10 m at 
prototype scale) in sand at three different relative densities (31%, 55% and 73%). The 
ultimate limit state criteria for compression and tension capacity of the centrifuge tests 
were determined based on displacement equal to a percentage of the shaft and helical 
plate (flange) diameters. For straight-shafted piles (SSPs), the failure criteria for 
compression and tension capacity were limited to deflection of 10 percent of the shaft 
diameter (0.1Dc). Whereas, failure criteria for the compressive capacity of screw pile 
were limited to 10 percent of the helical plate diameter (0.1Dh).  
7.2 Centrifuge tests results and numerical modelling comparison 
As mentioned in Chapter 6, two methods were used to install the straight-shafted piles 
(SSP) namely the push-in method and the rotation method which were used to investigate 
the influence of the installation method on the pile performance. Also, centrifuge tests on 
screw piles with different helical plate diameter (Dh) and spacing between the adjacent 
helical plates (S) were carried out in order to investigate the screw pile geometry effects. 
All the pile models had the same core diameter, Dc = 10 mm (0.5 m at prototype scale) 
and were embedded to the same depth 200 mm (10 m at prototype scale). The results of 
the centrifuge tests of straight-shafted piles and screw piles with single and multiple 
helical plates will be illustrated and used for numerical modelling comparison (described 
in Chapter 3) in this section. 
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7.2.1 Straight-shafted pile (SSP) test results 
Six centrifuge tests were carried out on straight-shafted pile (SSP) models with core 
diameter (Dc) of 10 mm (0.5 m in prototype scale) installed to a depth of 200 mm (10 m 
in prototype scale) below the sand surface. As mentioned earlier, the straight-shafted piles 
were installed using the push-in method at a constant penetration rate of 0.44 mm/sec and 
the rotation method at a constant rotation speed of 3.3 rpm with the same penetration rate 
(0.44 mm/sec). The compression tests were carried out after the pile installation ended to 
further penetration depth of 7 mm (350 mm at prototype scale) at a constant penetration 
rate of 1 mm/min, whereas the tension tests were carried out after the end of the 
compression tests with same extraction rate (1 mm/min) to a distance of 10 mm (500 mm 
at prototype scale). 
The centrifuge tests results showed that the axial compression load (Qc) and tension load 
(Qt) after installation of the straight-shafted pile was influenced substantially by the 
installation method (i.e. pushed or rotation) as illustrated in Figure 7.1. It can be clearly 
seen that the post-installation vertical compressive capacity was significantly reduced 
when the pile was installed using the push-rotation method in comparison with the push-
in only installation. The difference in the installation methods was greatest for the loose 
sand with a reduction of the capacity of 49% (medium dense = 42% and dense = 25%) as 
shown in Table 7.1. Deeks (2008) carried out centrifuge tests to investigate the installation 
effect on the pile behaviour and found that the vertical base resistance for the piles 
installed by rotation method (installation pitch, p=3.5) was reduced by 28% in comparison 
with pile installed using the push-in only method. This reduction may be attributed to the 
rotation of the pile during the installation which generated more disturbance and caused 
a reduction in the pile base resistance. Also, the soil below the pile tip will be densified 
during the installation of straight-shafted piles using push-in method below the pile tip 
whereas the sand around the pile shaft should tend to the critical state condition. However, 
rotation of the straight-shafted pile during the installation could cause higher soil 
disturbance below the pile tip which has a substantial influence on the pile behaviour 
during the pile test.  
 
Chapter 7               Physical modelling: pile capacity results and discussion  
201 
 
 
Figure 7.1: Comparison of axial pile capacity measured following push-in and push-in 
with rotation of a straight-shafted pile in sand (closed symbols for pushed piles and open 
symbols for rotated piles) 
 
The vertical compressive capacity (Qc) of the straight-shafted pile installed by the push-
in method showed a similar magnitude of compressive capacity to the final installation 
force (Fv) as summarised in Table 7.1. This finding has been confirmed previously by 
conducting field tests and centrifuge tests of straight-shafted piles installed in sandy soil 
using push-in methods (Yetginer et al., 2003; Deeks et al., 2005; Deeks and White, 2006; 
and Deeks, 2008). However, when the piles are installed using rotation the vertical 
compressive capacity (Qc) is approximately double the final installation force (Fv). This 
difference may be attributed to the rotation of the pile during the installation which 
reduces the installation force due to incorporating torque during the installation. The 
empirical torque factor in compression (kc) for the straight-shafted pile (see Section 2.6) 
varied (kc = 4.5, 7.1 and 6.8 m
-1) with sand relative density (Dr = 31, 55, and 73%) 
respectively, as shown in Table 7.1. A previous study carried by Deeks (2008) on straight-
shafted pile tested in the centrifuge (TW6022) showed that the compression empirical 
factor (Kc) was equal to 8.2 m
-1 which is higher than what has been found in this study as 
the test was carried out in very dense sand (Dr = 85%). 
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Table 7.1: The vertical compressive capacity of the straight-shafted pile measured at 
0.1Dc equivalent displacement after push-in and push-in and rotation installation for sand 
at three different densities 
Relative 
density, Dr 
(%) 
Installation 
method 
Final 
installation 
force, Fv 
(kN) 
Compressive 
capacity, Qc 
(kN) 
Torque 
empirical 
factor, 
kc (m
-1) 
Capacity 
reduction 
(%) 
31 
Push-in 1375 1306 - - 
Rotation 317 665 4.5 49 
55 
Push-in 2921 2842 - - 
Rotation 887 1656 7.1 42 
73 
Push-in 4999 4865 - - 
Rotation 2027 3668 6.8 25 
 
Also, different behaviour was noticed for the uplift or tensile capacity (Qt) of SSPs 
installed by the push-in and rotation methods. The uplift or vertical tensile capacity (Qt) 
at a displacement equivalent to 0.1 pile core diameter (Dc) which were installed with the 
additional component of rotation showed increased uplift resistance with ratio of 30, 19 
and 27% for straight-shafted pile installed in dense, medium dense and loose sand 
respectively, as illustrated in Figure 7.2. The uplift tests were carried out after 
compression testing to a settlement of 350 mm at prototype scale which is equal to 0.7 Dc 
(7 mm at model scale). This large settlement has a significant influence on the uplift 
capacity due to the mobilisation and disturbance of surrounding soil during the previous 
cycles of installation and compressive loading. This finding may suggest an increase in 
the shaft resistance due to the rotation during the installation, although for tensile testing, 
the piles have previously undergone significant displacement during compressive 
loading. Deeks (2008) found that that the mean shaft shear stress increased due to the 
rotation of the pile during installation which depended on the pile installation pitch (p). 
Deeks (2008) found that the normalised mean shaft shear stress installed using the rotation 
method increased by 2.0 to 3.0 times in comparison with that installed using the push-in 
method. 
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Figure 7.2: Comparison of the vertical capacity of straight-shafted pile measured at 0.1 Dc 
equivalent displacement after push-in and push-in and rotation installation (closed 
symbols for pushed piles and open symbols for rotated piles) 
 
The ability of the numerical modelling (see Chapter 3) to capture the behaviour of 
straight-shafted piles under compression loading was verified against the centrifuge tests 
results of straight-shafted piles installed using push-in and rotation methods. The straight-
shafted piles are modelled as described in Chapter 3, where the installation effects were 
ignored in the numerical modelling and the piles modelled as wished-in-place (WIP). 
The numerical analysis was carried out to simulate the compression load-settlement 
behaviour of a straight-shafted pile (SSP) using HS small constitutive model proposed by 
(Al-Defae et al., 2013) with peak and critical state friction angles (a dilation of zero when 
critical state friction angle is used). The straight-shafted pile (SSP) was modelled in 3D-
FEA with the full geometry of the pile as described in Chapter 3 (Section 3.6) to allow 
the installation simulation (application of force and torque prior the compression test 
stage). The results of the FE modelling with the pile modelled as WIP showed 
significantly different behaviour in comparison with the results of the centrifuge tests of 
SSP as shown in Figure 7.3. This difference is attributed to the installation effects during 
the installation of the SSP which is related to the particular installation method. An 
attempt was made to incorporate the installation effect of SSPs in the numerical modelling 
by applying the same final installation force (Fv) for SSPs installed using the push-in 
method and the same final vertical installation force (Fv) and torque (T) for SSPs installed 
using the rotation method. The method which was used to simulate the installation stage 
consists of five phases. The first and second phases are soil stresses generation and 
structure (pile) construction respectively, a similar method was used to model the wished 
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in place pile (see Section 3.3.2). The force and torque (based on the installation results of 
the pile centrifuge tests) were applied at the pile head by adding a new phase (phase no. 3) 
prior to the compression loading phase in the numerical modelling using the point load 
and line load options respectively applied to the top of the pile. In the fourth phase, the 
forces were removed and all the displacements due to the applied forces (phase no. 3) 
were reset to their original position (i.e. displacement was reset to zero) in order to prevent 
excessive mesh distortion. However, this displacement reset did not affect the stresses as 
the confining stresses due to the applied forces were retained (achieved in phase no. 3). 
The pile compression test was carried in the fifth phase using displacement point option 
(i.e. under displacement control) to reach pile failure. The sand critical state friction angle 
and a dilation angle of zero were used in the HS small constitutive model. The numerical 
modelling results showed a good prediction of the compressive load of the straight-
shafted pile installed in dense sand (Dr= 73%) using the push-in method at large 
displacement as shown in Figure 7.3. This good agreement between the FE modelling and 
the centrifuge test results is due to the load applied prior the testing stage in the FE 
simulation which is designed to simulate the installation stage and generate stresses that 
simulate the confining stresses at the end of pile installation in the centrifuge tests. 
However, it was not possible to capture the initial stiffness of the straight-shafted pile 
behaviour under compression loading as the compressive load tests were carried out after 
the end of pile installation in the centrifuge tests without reduction of the pile head loads 
to zero. 
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Figure 7.3: Comparison of FE modelling of straight-shafted pile with centrifuge tests 
(SSP) installed in dense sand using push-in and rotation methods (closed symbols for 
pushed pile and open symbols for rotated pile) 
 
The numerical modelling results under-predicted (by about 21%) the compression load 
of the straight-shafted pile using the rotation method as shown in Figure 7.3. In order to 
avoid the mesh distortion due to large displacement during the loading phase (installation 
simulation), the displacement due to the applied load was reset to the original position 
prior to applying the load which could have an effect on the FE simulation results. This 
reset displacement was applied to both methods of installation (pushed and rotation). 
Generally, the modifications to the FE modelling to incorporate the specific installation 
effects have greatly improved the simulation and this approach shows potential for 
improved FE modelling of screw piles. Also, the numerical modelling showed that the 
use of critical angle of friction (ϕcri) in the constitutive model (HS small) provided a good 
prediction of load-deflection behaviour of the pile under compressive loading, as the sand 
around the pile should tend to the critical state condition during the pile installation (see 
Section 7.2.1). 
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7.2.2 Single helical plate screw pile (SHP) test results 
Nine centrifuge tests were carried out at 50 g to test 0.5 m core diameter single helical 
plate screw piles (Dc=10 mm at model scale). Three different diameters of the helical 
plates (0.625, 1 and 1.25 m) were selected for the single helical plate screw piles to 
investigate the helical plate effects on the screw pile capacity. Table 7.2 shows the 
geometry of the single helical plate screw piles tested. The screw piles were installed in 
the same manner as the straight-shafted piles using the rotation method (i.e. at a constant 
penetration rate of 26.4 mm and rotation speed of 3.3 rpm). Similar to the straight-shafted 
pile (SSP), the compression tests were carried out after the screw pile installation ended 
at a constant penetration rate of 1 mm/min to a distance of 7 mm (350 mm in prototype 
scale), whereas the tension tests were carried out after the end of compression tests at the 
same extraction rate (1 mm/min).The centrifuge test results showed that the axial 
compression load (Qc) after installation of the single plate screw pile was influenced 
significantly by the helical plate diameter and sand relative density (Figure 7.4). 
 
 
Table 7.2: The model single helical plate screw piles (SHPs) dimensions 
Model pile Plate 
diameter, 
Dh (mm) 
 Pile length, L 
(m) 
Helical plate 
depth, 
H1 (m) 
Plate to core 
dia. ratio, 
Dh /Dc 
M
o
d
el
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ro
to
ty
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e 
 
M
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- 
SHP1 12.5 625  0.2 10 0.1875 9.375 1.25 
SHP2 20 1000  0.2 10 0.1875 9.375 2 
SHP3 25 1250  0.2 10 0.1875 9.375 2.5 
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Figure 7.4: Comparison of axial compressive load of single helix piles with three different 
helical plates diameters (0.625, 1.0 & 1.25 m) in sand at three different densities (31%, 
55% & 73%) 
The results of compression tests of single helical screw pile (SHP) at displacement 0.1 Dh 
are shown in Table 7.3 and Figure 7.5. The compressive capacity after installation 
increased at a low rate with Dh/Dc in loose and medium dense sand whereas it was more 
dramatic in dense sand where Dh/Dc exceeds 2 as observed during installation. The 
increase in the screw pile capacity was found to be consistent with the increase in the 
installation force and torque. Surprisingly, the compressive capacities of screw piles with 
the smallest helical plate diameter (Dh = 0.625 m, Dh/Dc = 1.25) were lower than the 
compressive capacity of the straight-shafted pile (installed using push-in method) in loose 
and medium dense sand, whereas the screw piles with the helical plate diameter 
Dh = 1.0 m has the same compressive capacities as the straight-shafted pile (installed 
using push-in method) in loose and medium dense sand as shown in Table 7.3. However, 
the increase in the normalised helical plate diameter (Dh/Dc) from 1.25 to 2.5 improves 
the compressive capacity of the screw pile due to the significant increase in the helical 
plate area to pile tip area ratio (Ah/Ac) from 1.56 to 6.25 respectively which results in 
higher plate bearing resistance. 
Chapter 7               Physical modelling: pile capacity results and discussion  
208 
 
Table 7.3: The vertical capacity of the single helical screw pile measured at 0.1 Dh 
equivalent displacement in comparison to a straight-shafted pile installed using the push-
in method in sand. 
Sand 
relative 
density, 
Dr (%) 
Model 
pile 
Helix 
dia., Dh 
(m) 
Helix 
dia. ratio, 
Dh / Dc 
(m) 
Screw pile capacity 
Compressive 
capacity, Qc 
(kN) 
Compressive capacity of 
screw pile to straight-
shafted pile ratio (pushed) 
31 
SHP1 0.625 1.25 737 0.56 
SHP2 1.0 2 1177 0.90 
SHP3 1.25 2.5 2920 2.24 
55 
SHP1 0.625 1.25 2039 0.72 
SHP2 1.0 2 2859 1.01 
SHP3 1.25 2.5 3788 1.33 
73 
SHP1 0.625 1.25 4333 0.89 
SHP2 1.0 2 6034 1.24 
SHP3 1.25 2.5 9023 1.85 
 
 
 
Figure 7.5: Influence of normalised helical plate diameter on the capacity of single helical 
plate screw pile compared with a straight-shafted pile (installed using push-in method) 
installed in sand at different densities 
 
The centrifuge tests results of single helical pile (SHP) showed that the screw pile with at 
low normalised helical plate diameter (Dh/Dc < 2.0) has little or limited benefits in the 
compression capacity in comparison with straight-shafted pile. However, a single helix 
screw pile with high normalised helical plate diameter (Dh/Dc > 2.5) can offer some 
improvement of the compressive capacity, but this behaviour appears limited for medium 
dense sand and more significant in loose and dense soils. This suggests that for single 
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helix plates, benefit in terms of capacity may be limited unless large Dh/Dc is achieved. 
Also, the installation torque empirical factor (kc) at high normalised helical plate diameter 
(Dh/Dc ≥ 2.5) will reach a constant value (see later). However, the installation results of 
SHP with Dh/Dc = 2.5 (Dh = 1.25 m) showed that a significant installation force (4 MN) 
and torque (1.2 MNm) are required for installation up to depth 10 m. 
The results of compression loading of single helical plate screw pile were used for a 
comparison with the numerical modelling (see Chapter 3). Firstly, the single helical plate 
piles were modelled as described in Chapter 3, so that the installation effects were ignored 
in the numerical modelling and the screw piles were modelled as wished-in-place (WIP). 
The single helical pile (SHP) was modelled in 3D-FEA with the full geometry of the 
screw pile (i.e. including helical plate inclination) as described in Chapter 3 (Section 3.6) 
to allow the later installation simulation (apply force and torque prior the compression 
test stage as done previously for the SSPs). 
The results of the FE modelling of a screw pile modelled as WIP in dense sand (Dr = 73%) 
showed significantly different behaviour in comparison with the results of the centrifuge 
tests of SHP as illustrated in Figure 7.6. This difference is attributed to the installation 
effects during the installation of the SHP as the disturbed sand during the penetration of 
the helical plate reaches the critical state condition (CS), and the sand will have reached 
constant volume. An attempt was carried out to incorporate the installation effect of SHPs 
in the numerical modelling by applying the same final installation force (Fv) and torque 
(T) corresponding to each sand relative density. As mentioned earlier, a new phase was 
added prior to the compression loading phase to apply the force and torque simultaneously 
using point load and line load options respectively. The HS small constitutive model was 
used to model the sand behaviour with critical friction angle (ϕcri) and a dilation of zero 
(ѱ = 0o). The use of a critical state friction angle (ϕcri) indicates that the sand around the 
pile was fully mobilised and tend to the critical state condition during the pile installation 
(see Section 7.2.1). The numerical modelling results showed good prediction of the 
compression load of single helical plate pile as shown in Figure 7.6. Again, this approach 
works well for a single helix screw pile as it did for the SSP.  
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Figure 7.6: Comparison of FE modelling and centrifuge tests results of single helical 
screw pile (SHP) with 1.0 m diameter helical plate installed in dense sand (Dr = 73%) 
 
7.2.3 Helical plate spacing ratio (S/Dh) effects on the screw pile capacity 
The effect of helical plate spacing ratio (S/Dh) on the screw pile capacity was investigated 
by conducting three centrifuge tests at 50 g level in dense sand (Dr = 73%). The screw 
piles had 0.5 m core diameter (Dc = 10 mm at model scale) with multiple helical plates 
that had 1.0 m diameter (Dh = 20 mm at model scale). Three helical plate spacing ratios 
(S/Dh = 1.25, 2.5 and 3.75) were used to investigate the effect on the screw pile capacity 
by changing the helical plate number (N= 7, 4 and 3) respectively as shown in Table 7.4. 
The compression tests of multiple helical screw piles (MHP) were carried out after screw 
pile installation to a displacement of 350 mm (7 mm at model scale) at a constant 
penetration rate of 1 mm/min in similar manner to the compression tests of straight-
shafted piles (SSPs) and single helical plate screw piles (SHPs). 
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Table 7.4: The model screw pile dimensions with different helical plates spacing ratios 
(S/Dh)  
Model 
pile 
Helical 
plates 
number, 
N 
Plate 
diameter, 
Dh (mm) 
Pile length, L 
(m) 
Top helix 
depth, 
H1 (mm) 
Plate 
spacing 
ratio, 
S/Dh 
Plate to 
core dia. 
ratio, 
Dh /Dc 
M
o
d
el
 
P
ro
to
ty
p
e 
M
o
d
el
 
P
ro
to
ty
p
e 
M
o
d
el
 
P
ro
to
ty
p
e 
- - 
MHP2 3 20 1000 0.2 10 37.5 1875 3.75 2 
MHP3 4 20 1000 0.2 10 37.5 1875 2.5 2 
MHP4 7 20 1000 0.2 10 37.5 1875 1.25 2 
 
The results of compression tests of screw piles with different helical plates numbers 
showed that the optimum helical plate spacing ratio (S/Dh) would appear to be between 
1.25 and 3.75 and closer to 2.5 in dense sand as shown in Figure 7.7. This would appear 
to support a transfer in mechanism from the individual bearing failure (S/Dh > 2.5) to the 
cylindrical shear mechanism (S/Dh ≤ 2.5). This finding agrees with Knappett et al. (2014) 
who proposed that the optimal helical plate spacing ratio be equal to 3.0 in dense sand. 
Also, the numerical modelling of screw piles showed that the optimised helical plate 
spacing ratio S/Dh = 2 in sand with different relative densities (Section 4.2). 
Figure 7.8 illustrates that there is a slight improvement in the screw pile capacity by 
reducing the helical plate spacing ratio (adding more helical plates) below the optimal 
value (S/Dh = 2.5) for the displacement-based failure criteria used. Also, the results 
showed that at large displacement (beyond 200 mm) there was no additional enhancement 
in the compression capacity with reducing helical plate spacing ratio below the optimal 
value (S/Dh = 2.5) as shown in Figure 7.7. However, Figure 7.9 suggests that for larger 
displacements (greater than 10% Dh) that there is no benefit in reducing plate spacing 
below 2.5. Also, the screw pile with a single helical plate showed slightly higher 
compressive capacity (3.8%) in comparison with the straight-shafted pile installed using 
the push-in method at the same displacement (0.1Dc) as shown in Figure 7.8. 
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Figure 7.7: Vertical compressive resistance of screw piles with different helical plate 
number in comparison to straight-shafted piles installed by push-in and rotation methods 
in dense soil (Dr = 73%). 
 
However, the compressive capacity of screw pile with a single helical plate was higher 
(19%) in comparison with the straight-shafted pile installed using the push-in method at 
larger displacement (0.1 Dh) as shown in Figure 7.9. This suggests that under working 
loads where only low settlements are mobilised (less than 0.1 Dc), the benefit of single 
plate helical piles may only be marginal over straight-shafted piles when the normalised 
helical plate diameter Dh/Dc ≤ 2.0 as shown in Figure 7.9. 
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Figure 7.8: Helical plates spacing ratio (S/Dh) effects on the screw pile compressive 
capacity (Qc) in dense sand (Dr = 73%) at displacement equal to 0.1 Dc 
 
 
 
Figure 7.9: Helical plates spacing ratio (S/Dh) effects on the screw pile compressive 
capacity (Qc) in dense sand (Dr = 73%) at displacement equal to 0.1 Dh (0.1 Dc for 
straight-shafted pile) 
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The centrifuge test results of multiple helical plate screw piles (MHPs) were compared 
with the results of numerical modelling of MHPs under compression loading as shown in 
Figure 7.10. The screw piles were initially modelled as wished-in-place (WIP) so that the 
installation effects were not considered in the numerical modelling. The results of the 
numerical simulation showed a better estimation of the screw pile compression behaviour 
could be achieved when using the optimised helical plates spacing ratio (S/Dh = 2.5 found 
in this thesis) in comparison with a straight-shafted pile and single helical pile as shown 
in Figure 7.10. The initial stiffness of the MHP screw piles under compression loading 
was not captured by the numerical modelling as the compression load tests were carried 
out after the end of the screw pile installation in the centrifuge tests without reducing the 
pile head loads to zero. However, the results of the numerical modelling using the WIP 
assumption showed acceptable results at 10% of the helical plate diameter (100 mm) in 
spite of the fact that initial stiffness could not be captured as illustrated in Figure 7.10. 
This could be due to the MHP screw pile behaviour under compression loading being 
mainly dependent on the soil under the bottom helical plate and the failure surface 
between the surrounding soil and the outer helical plate diameter (Dh) due to developing 
a cylindrical failure mechanism when the spacing between the helical plates is optimized 
(S/Dh ≤ 2.5). The development of a cylindrical failure mechanism will induce soil-soil 
shear at the periphery of the top and bottom helical plates with the soil undisturbed in this 
peripheral failure plane. This finding supports the assumption that the installation effects 
and the soil disturbance during screw pile installation does not significantly affect the 
surrounding soil (outside of the helix plate diameter), that was suggested by Knappett et 
al. (2014) for modelling screw piles under compressive loading. Also, the reduction of 
the spacing between the helical plates below the optimised value (S/Dh < 2.5) will be less 
beneficial economically and will increase soil disturbance due to the increase in the 
helical plate numbers (Tsuha et al., 2012). 
Also, vertical force (Fv) and torque (T) was applied prior the loading phase based on the 
vertical installation force and torque obtained from the centrifuge test (at the end of 
installation) to model the installation effects (as described above in Sections 7.2.1 and 
7.2.2). However, the results showed that the numerical modelling under predicted the 
compressive load of screw pile with multiple helical plates (S/Dh = 2.5) installed in dense 
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sand (Dr = 73%) as shown in Figure 7.10. This difference could be as a result of the 
resetting the displacements due to the applied installation vertical force (Fv = 4157 kN) 
(T= 1642 kN) which resulted in displacement of 0.18 m. The displacement was reset in 
the numerical modelling to the initial stage prior carrying out the axial compression load 
tests which was necessary to avoid mesh distortions. 
 
 
Figure 7.10: Comparison of FE modelling and centrifuge tests results of multiple helical 
plate screw piles (MHP) with 1.0 m diameter plate installed in dense sand (Dr = 73%) 
 
7.2.4 Helical plate diameter (Dh) effects on the multiple helical plate screw pile 
(MHP) capacity 
The effect of the helical plate diameter (Dh) on the capacity of multiple helical plate screw 
piles (MHP) with shaft diameter (Dc = 0.5 m) was investigated by carrying out nine 
centrifuge tests on screw piles with three different helical plates diameters (0.625, 1 and 
1.25 m) installed to depth of 10 m (200 mm at model scale). The helical plate spacing 
ratio (S/Dh) of the screw piles was less than 2.5 for all the centrifuge tests in an attempt 
to ensure a cylindrical failure mechanism during the test (S/Dh= 2.5 for screw pile with 
1.0 m helical plates diameters and S/Dh=2.0 for screw piles with 0.625 m and 1.25 m 
helical plates diameters). The geometries of the model screw piles are shown in Table 7.5. 
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All the centrifuge compression tests were carried out after the end of screw pile 
installation to a displacement of 350 mm during the tests (7 mm at model scale) at a 
penetration rate of 1 mm/min. The centrifuge tests results showed that the compressive 
capacities (Qc) of screw piles with multiple helical plates installed in medium dense sand 
(Dr = 55%) increased with increasing helical plate diameter (Dh) as shown in Figure 7.11. 
 
Table 7.5: Model screw pile dimensions with different helical plate diameters (Dh)  
Model 
pile 
Helical 
plate 
number, 
(N) 
Plate 
diameter, 
Dh (mm) 
Pile length, L 
(m) 
Top helix 
depth, 
Hh1 (mm) 
Plate 
spacing 
ratio, 
S/Dh 
Plate to 
core dia. 
ratio, 
Dh/Dc 
M
o
d
el
 
P
ro
to
ty
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e 
M
o
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e 
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e 
- - 
MHP1 7 12.5 625 0.2 10 37.5 1875 2 1.25 
MHP3 4 20 1000 0.2 10 37.5 1875 2.5 2 
MHP5 4 25 1250 0.2 10 37.5 1875 2 2.5 
 
 
Figure 7.11: Vertical compressive force for screw piles with different helical plate 
diameters compared to single helix screw piles and the straight-shafted piles installed by 
push-in and rotation methods in medium dense sand (Dr = 55%) 
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Figure 7.11 shows that the increase in the screw pile compressive capacity was more 
significant with increasing helical plate diameter from 0.625 m (Dh/Dc =1.25) to 1.0 m 
(Dh/Dc =2) in comparison with increasing the helical plate diameter from 1.0 m (Dh/Dc 
=2) to 1.25 m (Dh/Dc =2.5). The compressive capacity of the multiple helical plate screw 
piles increased significantly with increasing normalised helical plate diameter (Dh/Dc) 
from 1.25 m to 2.0 m due to the increase in the cylindrical failure surface determined by 
the helical plate diameter (Dh increased by 1.6 times) in loose sand as shown in Table 7.6 
and Figure 7.12. However, the cylindrical failure surface and plate area increased by 1.25 
and 1.56 times respectively due to the increase in the normalised helical plate diameter 
(Dh/Dc) from 2 m to 2.5 m as shown in Figure 7.11. Also, the results in Figure 7.11 show 
that the compressive capacity of the screw pile with multiple helical plates with a diameter 
of 0.625 m (Dh/Dc = 1.25) has a similar behaviour to that for screw pile with a single 
helical plate with a diameter of 1.25 m (Dh/Dc = 2.5). This indicates that in spite of the 
area of the screw pile with a single plate with a diameter of 1.25 m being 4 times higher 
than the bottom plate area of the screw pile with multiple plates of diameter of 0.625 m 
the multiple plate cylindrical failure mechanism is more efficient. 
Table 7.6 summarises the compressive capacities of multiple helical plate screw piles 
with a shaft diameter of Dc = 0.5 m at displacements equivalent to 0.1 Dh compared with 
the compressive capacities of the straight-shafted piles with a shaft diameter of Dc = 0.5 m 
(installed using the pushed method). The results show that the screw pile with small 
helical plates diameters Dh =0.625 m (Dh/Dc =1.25) has a similar compressive capacity to 
straight-shafted pile in loose and medium dense sand and slightly higher in dense sand as 
shown in Figure 7.12. However, the multiple helical plate screw piles with large plate 
diameter Dh =1 m (Dh/Dc = 2) showed a substantial increase in compressive capacity in 
comparison with the straight-shafted pile as illustrated in Figure 7.12. Also, for screw pile 
with high normalised helical plate diameter (Dh/Dc ≥ 2.5), the installation torque empirical 
factor (kc) will reach a constant value (see later). The behaviour of increasing efficiency 
with Dh/Dc though does suggest that potentially greater efficiency can be achieved by 
increasing Dh/Dc and that this optimum level was not achieved here due to the drive to 
reduce Dh/Dc for offshore deployment and ease of handling/storing piles. 
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Table 7.6: The compressive capacity of the multiple helical plate screw piles (MHP) 
measured at 0.1 Dh equivalent displacement installed in sand. 
Sand relative 
density, Dr 
(%) 
Model 
pile 
Helix dia., 
Dh (m) 
Screw pile compressive capacity 
Capacity, Qc 
(kN) 
Ratio of compressive 
capacity of screw pile to 
straight-shafted pile 
(pushed) 
31 
MHP1 0.625 1471 1.13 
MHP3 1.0 4567 3.50 
MHP5 1.25 4810 3.68 
55 
MHP1 0.625 3024 1.06 
MHP3 1.0 5914 2.08 
MHP5 1.25 7906 2.78 
73 
MHP1 0.625 7133 1.47 
MHP3 1.0 11962 2.46 
MHP5 1.25 15501 3.19 
 
 
Figure 7.12: The normalised compressive capacity of the screw piles with single and 
multiple helical plates (Dh = 0.625, 1.0 and 1.25 m) to the straight-shafted pile of (Dc = 
0.5 m) (installed using pushed method) with the normalised helical plate diameter (Dh/Dc) 
at displacement 0.1 Dh (0.1 Dc for straight-shafted pile) 
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7.3 Analytical model for pile compressive capacity prediction 
In this section, an analytical design approach based on previous studies mentioned in the 
literature (Section 2.5) was used to predict the compressive capacity for straight-shafted 
piles (installed using pushed and rotation methods) and screw piles with different 
geometries based on the sand parameters and the pile geometry. The analytical design 
approach to predict the compressive capacity of the straight-shafted pile installed using 
push-in and rotation methods is based on the effective stress approach (Equation 7-1) to 
determine the known parameters for the lateral earth pressure coefficient (K) and the 
bearing capacity factor (Nq). Also, this analytical design model is used to estimate the 
compressive capacity of screw piles with different helical plate numbers based upon the 
individual bearing failure mechanism for plates with S/Dh more than 2.5 and the 
cylindrical failure mechanism for plates with S/Dh equal or less than 2.5 that was 
determined based on the centrifuge tests results mentioned in section 7.2.3 (the failure 
mechanism of screw piles under compressive loading is explained in more detail in the 
literature review in Section 2.5). Hence, the results for the compressive capacity of screw 
pile with single and multiple helical plates were used to determine the unknown 
parameters: the helical plate bearing capacity factor based on individual bearing failure 
(Nq*) and the lateral earth pressure coefficient based on the cylindrical failure mechanism 
(Kcf) as shown in Figure 2.13 (described in Section 2.5.2) to be used in the analytical 
design approach. 
7.3.1 Compressive capacity of straight-shafted pile (SSP) 
The analytical design model to predict the compressive capacity of straight-shafted piles 
based on the pile design in coarse-grained soils suggested by Fleming et al. (2009) was 
used as a basis: 
bsc QQQ            (7-1) 
   tan5.0tan 2
0
KDLdzzKQ c
Lz
z
s
 


                    (7-2) 
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LQ
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2
                              (7-3) 
where K is the lateral or radial earth pressure coefficient (Ka < K < Kp); δ is the sand-pile 
interface angle; and Nq is the bearing capacity factor. 
The two main controlling parameters in this design approach are the lateral earth pressure 
coefficient (K) and the bearing capacity factor (Nq) which are often correlated to the peak 
friction angle of the sand (ϕp). 
In order to determine these parameters, the earth pressure coefficient (K) for straight-
shafted piles installed using push-in and rotation methods was estimated. The earth 
pressure coefficient (K) for a straight-shafted pile was estimated based upon the jacked 
pile tests data reported by Meyerhof (1976) and Jeffrey et al. (2016) as shown in 
Figure 7.13. 
 
 
Figure 7.13: Relationship between peak friction angle and the earth pressure coefficient 
for pushed and rotated straight-shafted pile based on the results of field and model studies 
(Meyerhof, 1976 and Jeffrey et al., 2016) 
Based on these tests results shown in Figure 7.13, the lateral earth pressure coefficient 
(K) was estimated using the following equation: 
Chapter 7               Physical modelling: pile capacity results and discussion  
221 
 
peK
038.0
254.0                   (7-4) 
This approach was used to calculate the shaft resistance for straight-shafted piles installed 
using the pushed method and then subtracted from the measured total pile capacity to 
allow the tip component of resistance to be determined. This was then used to back-
calculate the end bearing capacity factor (Nq) shown in Figure 7.14. The values for the 
pushed pile were seen to be generally lower than those proposed by Berezantzev et al. 
(1963) in all sand relative densities. However, these values were well predicted by the 
equation for bearing capacity factor proposed by Meyerhof (1963) and also match the 
back-calculated end bearing capacity factor based on centrifuge tests of a straight-shafted 
pile of Deeks (2008) as shown in Figure 7.14. The bearing capacity factor (Nq) of a 
straight-shafted pile installed using the push-in method can be calculated based on the 
following expression which was investigated in sand for peak friction angles within the 
range of 35o to 44o. 
p.
q e.N
1880
0350                   (7-5) 
  
Equations 7-4 and 7-5 can then be incorporated into Equations 7-2 and 7-3 to predict pile 
shaft resistance and base bearing capacity respectively: 
    tane.DL.Q p.cs 03802 254050         (7-6) 
 peDLQ cb 


188.0
2
035.0
4
              (7-7) 
Deeks & White (2010) carried out several centrifuge tests on straight-shafted piles with 
diameter 0.38 m (9.5 mm at model scale) installed in dense sand (Dr= 85%) to a depth of 
5.2 m (130 mm at model scale) using the push-in and rotation methods. They found that 
the compressive capacity (Qc) of the straight-shafted piles was influenced by the 
installation method so that the total compressive capacity of the straight-shafted pile 
decreased from 1763 kN to 1562 kN (capacity reduction 11%) when changing from the 
push-in method to the rotation method respectively. 
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The results of the centrifuge tests of the straight-shafted pile (SSP) carried out in this 
study showed that the installation method and sand relative density have considerable 
influence on the compressive capacity of the straight-shafted pile (SSP) as illustrated in 
Figure 7.1 and Table 7.1. The compressive capacity of a straight-shafted pile installed 
using the rotation method was substantially reduced in comparison to the push-in method 
and varied with sand relative density in a similar manner to that observed by Deeks & 
White (2008) (Figure 7.15). However, in this study, it was not possible to separate the 
base bearing capacity from the shaft resistance as only the total force and torque were 
measured during the test. Therefore, it was assumed that the pile tip resistance and shaft 
resistance were reduced by the same amount as the total resistance (shown in Figure 7.15). 
The compressive capacity reduction ratio (CRR) was calculated based on the following 
equation: 
pushedc
rotatedcpushedc
Q
QQ
CRR

         (7-8) 
Figure 7.15 shows that the reduction in the compressive capacity was greater with 
reducing sand relative density. However, the values of the compressive capacity reduction 
ratio (CRR) based on the centrifuge tests of straight-shafted piles installed using the push-
in and rotation methods were much higher than the values determined by Deeks & White 
(2008) as shown in Figure 7.15. This difference in pile behaviour can be attributed to the 
difference in the sand density and also in the pile tip shape between the two studies, as 
the pile models used by Deeks & White (2008) were closed-ended with a flat profile 
whereas the pile models used in this study had a conical end shape with an apex angle of 
60 degrees which influences the pile behaviour during the installation (as discussed in 
Section 6.3.1) and the subsequent compressive testing of the piles. The shaft resistance 
and the base bearing capacity of straight-shafted piles installed using the rotation method 
were estimated based upon the shaft resistance and the base bearing capacity of the 
straight-shafted piles installed using the push-in method, times the capacity reduction 
factor (CPR) obtained from Equation (7-8) and shown in Table 7.1 and Figure 7.15. So 
that, the shaft resistance and the base bearing capacity of straight-shafted piles installed 
using the rotation method were calculated based on the following equation: 
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CRFQQ
pushedsrotateds
         (7-9) 
CRFQQ
pushedbrotatedb
                   (7-10) 
Based upon these estimated shaft resistances and base bearing capacities, it was possible 
to back-calculate the lateral earth pressure coefficient (K) and the bearing capacity factor 
(Nq) for the straight-shafted piles installed using the rotation method by using the 
Equations (7-2) & (7-3) as shown in Figures 7.13 and 7.14 respectively. The earth 
pressure coefficient (K) and the bearing capacity factor (Nq) of straight-shafted pile 
installed using the rotation method can be calculated based on the following expression 
which was investigated in loose sand (Dr = 31%) and dense (Dr = 73%) sand that had peak 
friction angles within the range of 35o to 44o respectively. 
 
peK r
084.0
025.0         (7-11) 
p.
rq e.N
2340
00350         (7-12) 
 
 
Figure 7.14: The bearing capacity factor for pushed and rotated straight-shafted piles 
compared with other field and model study results (Meyerhof, 1976 and Deeks, 2008) 
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Figure 7.15: The compressive capacity reduction for rotated straight-shafted piles (SSPs) 
compared to previous centrifuge tests results (Deeks & White 2008) 
 
Based on the results of the centrifuge tests of straight-shafted pile installed using the 
rotation method in sand, the earth pressure coefficient (Kr) and the bearing capacity factor 
(Nq r) were determined, and the compressive capacity can be calculated using the 
following equations: 
    tan025.05.0 084.02 peDLQ cs        (7-13) 
 peDLQ cb 


234.0
2
0035.0
4
       (7-14) 
7.3.2 Compressive capacity of screw piles (SPs) 
The compressive capacity of the screw pile with a single helical plate (SHP) is equal to 
shaft resistance and base bearing capacity which were outlined in the previous Section 
(7.3.1) in addition to the contribution of the helical plate(s) of the screw pile. Most 
previous research has assumed that the screw pile capacity is the sum of the shaft 
resistance and helical plate(s) bearing capacity with the pile core or pile tip contribution 
ignored (Perko, 2009 and Mohajerani et al., 2016). This is due to the bottom helical plate 
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of the screw pile being placed at pile tip with the contribution of the screw pile tip being 
assumed to be a part of the bottom helical plate. Also, real screw piles are generally 
manufactured using a hollow tube with an open end which may plug during the pile 
installation (Perko, 2009). However, the open-ended pile may reduce the contribution of 
the end bearing in dense sand as the pile plug may not form. In this study, the bottom 
helical plate was placed at a distance of 0.625 m above the pile tip (tip to bottom helical 
plate horizontal centre line), and the tip is solid (a conical end shape with an apex angle 
of 60 degrees). Two cases were considered to back-calculate the helical plate bearing 
capacity factor. In the first case (Case 1), it was assumed that the screw pile tip resistance 
is acting as a part of the bottom helical plate, so that the total area of the helical plate was 
used to back-calculate the bearing capacity factor of the helical plate (Nq*). Then, the 
total compressive capacity (Qc) for screw pile with a single helical plate is the sum of the 
shaft resistance (Qs) and the helical plate bearing capacity (Qhb) which can be calculated 
based on the following equations: 
hbsc QQQ           (7-15) 
*
q
h
hbhb N
D
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2
          (7-16) 
where Hhb is the bottom helical plate depth; and Nq* is the helical plate bearing capacity 
factor (Case 1). 
The shaft resistance of the screw pile was assumed to be equal to the shaft resistance of 
straight-shafted pile installed using the rotation method. Therefore, using the Equation 
(7-13) to determine the shaft capacity of the screw pile, allowed estimation of Nq* as 
shown in Figure 7.16. The results showed that the helical plate bearing capacity factor 
(Nq*) is slightly higher than the bearing capacity factor (Nq) for straight-shafted pile 
installed using the rotation method and matches the bearing capacity factor proposed by 
Meyerhof (1963) in dense sand (ϕ = 43.6o). Therefore, the use the bearing capacity factor 
proposed by Meyerhof (1963) to calculate the helical plate bearing capacity factor (Nq*) 
which is widely used by many researchers (i.e. Nasr, 2004; Perko, 2009; Elsherbiny & El 
Naggar, 2013; Lutenegger, 2015 and Mohajerani et al., 2016) will result in a slight 
underprediction of the compressive capacity of screw pile in very dense sand and 
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overestimate in loose sand. The best fit line to the data for the helical plate of screw pile 
shown in Figure 7.16 results in the following equation: 
p.
q e.*N
2140
010         (7-17) 
verified for sands with 35o ≥ ϕp ≥ 44o 
Based on the results of the centrifuge tests of screw piles installed in sand, the bearing 
capacity factor (Nq*) was determined based on the assumption made in Case 1, and the 
compressive capacity of the helical plate can be calculated using the following equation: 
 p.hhbhb e.
D
HQ

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2
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4
        (7-18) 
 
 
Figure 7.16: The bearing capacity factor for pushed and rotated straight-shafted piles and 
screw pile (Case 1) compared with other field and model studies results (Meyerhof, 1976 
and Deeks, 2008) 
 
Another case (Case 2) was considered to estimate the helical plate bearing capacity factor 
(Nq**) based on the assumption that the screw pile tip acts separately from the bottom 
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helical plate of the screw pile and the helical plate contribution was back-calculated based 
on the net area of the helical plate ( 422 /)DD( ch  ) as suggested by Tappenden & Sego 
(2007). The compressive capacity of the screw pile with multiple helical plates was 
determined (as mentioned in the literature) based on the failure mechanism of the screw 
pile (i.e. individual bearing mechanism or cylindrical failure mechanism). For a screw 
pile with a single helical plate or multiple helical plates having large spacing ratio (S/Dh 
> 2.5), an individual bearing mechanism is assumed to be occurring, and the total screw 
pile compressive capacity is the sum of the helical plate(s) resistance (Qh) in addition to 
the shaft resistance (Qs) and screw pile base capacity (Qb) which can be calculated based 
on the following equations: 

n
hibsc QQQQ         (7-19) 
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q
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         (7-20) 
where Hhi is the helical plate depth; and Nq** is the helical plate bearing capacity factor 
(Case 2). 
The shaft resistance (Qs) and base capacity (Qb) of the screw pile were assumed to be 
equal to the shaft resistance and base capacity of straight-shafted pile installed using the 
rotation method respectively. The Equations (7-13) and (7-14) were used to estimate the 
shaft resistance and base capacity of the screw pile respectively, which allowed back-
figuring of the bearing capacity factor (Nq**) for the screw pile with a single helical plate 
as shown in Figure 7.17. The best fit line for the data of the helical plate bearing capacity 
factor (Nq**) are shown in Figure 7.17: 
p.
q e.**N
130
10         (7-21) 
verified for sands with 35o ≥ ϕp ≥ 44o 
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Figure 7.17: The bearing capacity factor for pushed and rotated straight-shafted piles and 
screw pile (Case 1 & 2) compared with other field and model studies results (Meyerhof, 
1976 and Deeks, 2008) 
 
Figure 7.17 showed that the bearing capacity factor for the helical plates based on Case 2 
(Nq**) was significantly lower than Case 1 (Nq*) which is slightly lower than the bearing 
capacity factor (Nq) for a pushed pile. This is attributed to the separation of the base 
bearing capacity (Qb) from the bottom helical plate capacity and the use of a net area of 
the helical plate that was suggested in Case 2. Therefore, the bearing capacity factor 
determined based on Case 1 (Nq*) accounts for both the bottom helix and base bearing 
capacity so it is suitable for screw pile with a single helical plate at the bottom, whereas 
the bearing capacity factor determined based on Case 2 (Nq**) is applicable for both 
single and multiple helical plates screw piles as Nq** accounts for the helix bearing 
capacity only, so that the helical plate resistance can be calculated using the following 
equation: 
  p.chihi e.
DD
HQ


130
22
10
4

       (7-22) 
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However, for a screw pile with multiple helical plates have a spacing ratio of S/Dh ≤ 2.5, 
a cylindrical failure mechanism will be developed between the top and bottom helical 
plates instead of an individual bearing mechanism (S/Dh > 2.5). Hence, the failure 
interface of the screw pile may be controlled by the peak friction angle of the sand instead 
of the soil-pile interface friction angle (δ = ϕ′). Therefore, the compressive capacity can 
be calculated using the following procedure: 
hbcfbshc QQQQQ  1        (7-23)
  'tan
2
1 2
1
2  cfhhbhcf KHHDQ       (7-24) 
where Hhb is the depth of the bottom helical plate; Hh1 is the depth of the top helical plate; 
and Kcf is the lateral earth pressure coefficient for a screw pile based on the cylindrical 
failure mechanism. 
The shaft resistance above the top helical plate (Qsh1) is negligible and can be ignored in 
Equation 7-24 (Nasr, 2004). However, the base bearing capacity (Qb) and bearing 
capacity of the bottom helical plate (Qhb) of the screw pile shown in Equation (7-23) were 
estimated using the Equations (7-14) and (7-22) respectively. This procedure allowed 
back-figuring of the lateral earth pressure coefficient (Kcf) for the screw pile with multiple 
helical plates with a spacing ratio of S/Dh ≤ 2.5 (D=Dh and δ = ϕ′ for the cylindrical failure 
mechanism between the top and bottom helical plates) as shown in Figure 7.18. 
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Figure 7.18: Relationship between peak friction angle and the earth pressure coefficient 
for pushed and rotated straight-shafted piles, CHD piles and screw piles based on the 
results of field and model studies (Meyerhof, 1976, and Jeffrey et al., 2016) 
 
However, the best fit line to the data of lateral the earth pressure coefficient for the helical 
plate screw pile in sand (Kcf) shown in Figure 7.18 results in the following equation: 
peK cf
088.0
055.0         (7-25) 
verified for sands with 35o ≥ ϕp ≥ 44o 
This analytical design model was used to estimate the compressive capacity (Qc) of the 
straight-shafted pile and screw pile installed in sand with and compared with centrifuge 
tests results as shown in Figure 7.19. This comparison was carried out to verify the 
accuracy of the suggested design parameters including lateral earth pressure coefficient 
(K) and bearing capacity factor (Nq) which were back figured based on the results of the 
centrifuge tests of straight-shafted piles and screw piles in sand (at different relative 
densities; Dr = 31, 55 & 73%). The comparison in Figure 7.19 simply shows that the 
calculation and generation of parameters is appropriate. Figure 7.19 also shows that the 
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predicted capacity based on the parameters suggested by Perko (2009) overestimate the 
measured capacity of the single and multiple helical plates screw pile. Perko (2009) 
suggested that the lateral earth pressure coefficient (K) and bearing capacity factor (Nq) 
which proposed by Mitch and Clemence (1985) and Meyerhof (1963) respectively should 
be used in the screw pile compressive capacity estimation.  
 
 
Figure 7.19 Comparison between the predicted compressive capacity (Qc) based on the 
analytical design model and centrifuge tests results of straight-shafted piles (installed 
using push-in and rotation methods) and screw piles 
 
7.4 LCPC (CPT-based) method for compressive capacity prediction 
CPT-based design approaches are usually used for predicting the ultimate pile capacity 
and have been widely used for offshore pile design. Therefore, the use of a CPT-based 
design approach is attractive for prediction of screw pile capacity. Several methods have 
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been developed to estimate pile compressive capacity based on the CPT cone resistance. 
The LCPC CPT-based method proposed by Bustamante & Gianeselli (1982) is frequently 
used onshore as it generally provides a good prediction of pile capacity and accounts for 
pile installation for different piling methods. This method was originally based on 197 
static load tests carried out on 48 different sites for a wide range of pile installation 
methods including pushed piles and cast in-situ screw piles. Also, this method was 
previously used by several researchers to estimate the compressive capacity of CHD piles 
(Jeffrey, 2012) and screw piles (Tappenden, 2007; Perko, 2009 and Fateh et al., 2017). 
Based on the LCPC method, the end bearing (qb) and the shaft unit skin friction (qs) of 
the pile were estimated using average cone tip resistance (qcave) obtained from averaging 
the cone tip resistance (qc) over a distance equal to 1.5 times the pile core diameter (1.5 Dc) 
and 1.5 times the helical plate diameter (1.5 Dh) for straight-shafted piles and screw piles 
respectively. 
cabb qKq           (7-26) 

ca
s
q
q           (7-27) 
where: Kb is the base bearing coefficient; and α is the friction coefficient. 
In this study, it was not possible to split the shaft shear resistance from the base bearing 
capacity for the straight-shafted piles as the total force was measured during the test. 
Therefore, the Equations (7-6) and (7-11) proposed in the analytical design method for 
pile compressive capacity prediction (discussed in the previous Section 7.3.1) were used 
to estimate the shaft resistance of straight-shafted pile installed using push-in and rotation 
methods respectively. This approach allowed back-figuring of the friction coefficient (α) 
for straight-shafted piles installed using the pushed and rotation methods shown in 
Figure 7.20 and also allowed the pile tip component of pile compressive capacity to be 
determined by subtracting the shaft resistance from the measured total pile capacity. This 
was then used to back-calculate the base capacity factor (Kb) shown in Figure 7.21. 
The friction coefficient (α) and the base capacity factor (Kb) for straight-shafted piles 
installed using the rotation method were used to estimate the shaft resistance (Qs) and the 
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base bearing capacity (Qb) of the single helical plate screw pile respectively. The helical 
plate capacity factor (Kb) was back-calculated based upon the bottom helical plate bearing 
capacity (Qhb) of the screw pile which was back-figured based upon the total compressive 
capacity of the screw pile and the estimated shaft resistance (Qs) and base bearing capacity 
(Qb) of the single helical plate screw pile. The helical plate capacity factor (Kb) of the 
screw pile is shown in Figure 7.21. 
 
 
Figure 7.20: Comparison of the friction coefficient of pushed and screw piles with the 
values suggested by Bustamante & Gianeselli (1982) and previous 1g test of Jeffrey 
(2012) for cast in-situ CHD piles 
 
 
 
Chapter 7               Physical modelling: pile capacity results and discussion  
234 
 
 
 
Figure 7.21: Base resistance factor (Kb) for straight-shafted pile (pushed and rotated) and 
screw piles in comparison with suggested value of Tappenden (2007) and previous 1g 
test of Jeffrey (2012) 
 
The friction coefficient (α) and the base capacity factor (Kb) of straight-shafted piles and 
screw piles determined based on the centrifuge tests were compared with previous studies 
carried by Jeffrey (2012) and Tappenden (2007) are shown in Figures 7.20 and 7.21 
respectively. Jeffrey (2012) carried out 1g tests on precast piles which are installed into 
the sand using the pushed method (pushed pile) and wished-in-place (WIP), while the 
continuous helical displacement (CHD) piles were installed using the rotation method but 
were cast in-situ piles. However, Tappenden (2007) carried out field tests on single and 
multiple helical plate screw piles with shaft and helical plate diameter varied between (Dc 
= 178-324 mm) and (Dh = 356-914 mm) respectively. 
The centrifuge tests results showed that the friction coefficient (α) for straight-shafted 
piles (pushed) is within the range of 120-200 that was suggested by Bustamante and 
Gianeselli (1993) for driven and jacked steel piles in sand as shown in Figure 7.20. 
However, the friction coefficient (α) for straight-shafted piles installed using the rotation 
method was higher in comparison with the values of the friction coefficient (α) for pushed 
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pile due to the reduction of the shaft resistance (see Section 7.3.1). On the other hand, the 
value of friction coefficient (α) dropped significantly to less than 60 for screw pile with 
multiple helical plates due to high frictional resistance developed between the helical 
plates and the resulting cylindrical failure mechanism. Also, these values for friction 
coefficient (α) of screw pile are comparable with values of friction coefficient for 
continuous helical displacement (CHD) pile due to the development of soil-soil shear 
interface determined by the helical plate diameter (Dh) or the extent of the helix on the 
CHD installation bullet (Jeffrey et al., 2016). 
The bearing coefficient (Kb) was back-calculated based on centrifuge tests on straight-
shafted piles and screw piles using the pile base area (Ab) and helical plate net area (Ah net) 
respectively. The bearing coefficient (Kb) for pushed pile was seen to be significantly 
higher than the range of 0.2-0.55 for driven and jacked metal piles proposed by 
Bustamante and Gianeselli (1982) shown in Figure 7.21. However, Xu et al. (2008) and 
Schneider et al. (2010) found that the range of the bearing coefficient (Kb) is within 0.45-
1.3 for driven piles in sand. Also, the bearing coefficient (Kb) values for pushed piles 
found in this study as shown in Figure 7.21 are slightly higher than those shown by Jeffrey 
(2012) for pushed piles in dense and medium dense sand. The bearing coefficient (Kb) of 
the screw piles was lower than those for pushed and rotated piles but within the range 
proposed by Tappenden (2007) for screw pile in sand as shown in Figure 7.21. Also, the 
bearing coefficient (Kb) of the screw piles was lower than for CHD pile as the average 
area of the CHD pile was used for axial load distribution carried by Jeffrey et al. (2016). 
The recorded values of the bearing coefficient (Kb) from the centrifuge tests in this study 
appear to be within the recommended range and hence to be acceptable to represent the 
bearing coefficient (Kb) for straight-shafted pile and screw piles. 
The LCPC method (Equations 7-24 and 7-25) was used to back-calculate the compressive 
capacity of straight-shafted piles and screw piles installed in sand with different relative 
densities and compared with centrifuge tests results as shown in Figure 7.22. As shown 
in Figures 7.20 and 7.21, the friction coefficient (α) and the bearing coefficient (Kb) was 
related to the sand relative density (Dr), and this relationship was summarised based on 
pile type and installation method as shown in Table 7.7. The results showed that the CPT 
method was in general agreement with the measured compressive capacity for straight-
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shafted piles and screw piles in sand with different relative densities. However, in spite 
of this the method offered a reasonable estimation of the compressive capacity of a screw 
pile based on the proposed parameters for the bearing coefficient (Kb) and the friction 
coefficient (α), but their applicability for offshore screw pile may need to be verified as 
this method has been proposed by Bustamante & Gianeselli (1982) based on CPT data 
for onshore piles design. 
Table 7.7: Bearing coefficient (Kb) and friction coefficient (α) determined based on 
centrifuge tests of straight-shafted pile ad screw pile 
Pile type Installation 
method 
Bearing 
coefficient (Kb) 
Friction 
coefficient, (α) 
Straight-shafted pile Push-in 0.27e0.029Dr 180e0.0013Dr 
Straight-shafted pile Rotation 0.1e0.038Dr 480e-0.008Dr 
Screw pile Rotation 0.08e0.027Dr 80e-0.01Dr 
 
 
Figure 7.22: Comparison of compressive capacity (Qc) predicted based on the CPT 
method and measured from the centrifuge tests of straight-shafted piles and screw piles 
Chapter 7               Physical modelling: pile capacity results and discussion  
237 
 
7.5 UWA-05 (CPT-based) method for compressive capacity prediction 
The UWA-05 method is a CPT-based design method that is widely used to predict the 
ultimate capacity of offshore driven piles, as detailed by Lehane et al. (2005). This method 
was employed to estimate the compressive capacity (Qc) of the straight-shafted pile (SSP) 
installed using push-in and rotation methods and screw pile (SP) in sand at different 
relative densities. The ultimate compressive capacity can be calculated based on the 
following equation: 
 dzDDqQQQ f.bsbcomp 
 2
10
4
     (7-28) 
 
where: qb0.1 is the pile base bearing resistance at a distance equal to 10% of the pile core 
diameter (10% Dc); and τf is the radial stress acting on the pile shaft. 
Lehane et al. (2005) proposed that the end bearing resistance for a closed-ended pile at a 
displacement of 10% of the pile core diameter (0.1 Dc) is a ratio of the CPT cone 
resistance (qb0.1= 0.6qc). However, the radial stress acting on the pile shaft (τf) was 
estimated based on the effective radial stress at failure (σ′rf) and radial effective stress 
after installation (∆σ′rd) (Lehane et al., 2005). A stress drop coefficient (a) with a value 
of 0.03 as proposed by Lehane et al. (2005) was used as an input parameter in the radial 
stress acting on the pile shaft (τf) for the UWA-05 method (see section 6.4.1). 
The results of the centrifuge tests of SSPs and SPs installed in sand at three different 
relative densities (Dr= 31, 55 and 73%) were compared with the predicted ultimate 
compression capacity based on the UWA-05 method. The results, shown in Figure 7.23, 
clearly indicate that compressive capacity can be significantly underpredicted and 
overpredicted for the straight-shafted pile and screw piles based on this method. This can 
be attributed to this method being developed to predict the capacity of offshore driven 
piles, so that the effective radial stress after installation (∆σ′rd) is based on installation 
effects for a driven pile. 
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Figure 7.23: Comparison of compressive capacity (Qc) predicted based on the UWA-05 
(Lehane et al., 2005) method and measured from the centrifuge tests of straight-shafted 
piles and screw piles 
 
7.6 Reliability of proposed analytical and CPT methods for pile capacity estimation 
The methods based on the analytical design approach and the LCPC method were verified 
to investigate their ability to predict the compressive capacity of straight-shafted piles and 
screw piles in sand. The centrifuge test measurements of straight-shafted piles carried out 
by Deeks (2008), and the field test results of screw piles reported by Sakr (2010b) and 
Zhang (1999) were used to validate the analytical design model method. Also, the field 
test measurements of compressive capacity (Qc) and CPT tests data of Zhang (1999) were 
used for the validation of the LCPC based method. 
The results of two centrifuge tests of straight-shafted piles (TW6015 and TW6016) 
installed in very dense sand (Dr = 85%) carried out by Deeks (2008) were selected to 
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assess the ability of the analytical design approach. The pile models had a diameter of 
0.38 m (9.5 m at model scale) installed up to a depth of 5.2 m (130 mm at model scale) 
and were installed and tested inflight at 40g. The analytical design approach requires the 
bearing capacity factor (Nq) and lateral earth pressure (K) which are directly related to the 
peak friction angle of the sand. The peak friction angle of the sand was not mentioned in 
Deeks’ thesis, so the peak friction angle was estimated based on the sand relative density 
using the relationship proposed by Al-Defae et al. (2013) for HST95 sand and was taken 
as 46o. The comparison between the estimated compressive capacity of the straight-
shafted pile using the analytical design approach and measured values are shown in 
Figure 7.24. The results show a good agreement for the shaft resistance of the straight-
shafted pile. However, the estimated base resistance was higher than the measured values 
(12%). This may be attributed to the assumption made about the peak friction angle as 
the end bearing capacity factor is significantly influenced by the peak friction angle (ϕp). 
 
 
Figure 7.24:  Comparison of the estimated compressive capacity based on the analytical 
design model verified for the centrifuge tests results of straight-shafted pile carried out 
by Deeks (2008) 
 
Also, the method based on the analytical design approach was used to predict the 
compressive capacity of the field test results of the compressive capacity of screw piles 
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in dense sand reported by Sakr (2010b) and Zhang (1999). The analytical design model 
was validated against three field compression tests on screw piles with a single helical 
plate (tests ST2P3 and ST22P7) and multiple helical plates with helical plate spacing ratio 
of S/Dh =3 (test ST1P4) reported by Sakr (2010b) for a single helical plate screw pile and 
individual helical plate failure mechanism procedures respectively (Equation 7-17) due 
to the large S/Dh in ST1P4. A summary of the screw pile configurations is shown in 
Table 7.8. The screw pile field tests were carried out in northern Alberta, and the details 
of the site characteristics are highlighted in Section 3.5.2. 
Table 7.8: Screw pile configuration for Sakr (2010b) and Zhang (1999) 
 
Test 
Shaft 
     Dc              tc 
  (mm)         (mm) 
Helical plate 
   Dh              th 
(mm)          (mm) 
Helical 
plate 
number 
(N) 
Embedment 
depth (m) 
Helical 
plate 
spacing 
ratio 
(S/Dh) 
ST1P4 324 9.5 762 25.4 2 9.0 3 
ST22P7 508 9.5 1016 25.4 1 5.75 - 
ST2P3 324 9.5 762 25.4 1 9.5 - 
CL 219 6.71 356 6.71 3 5.18 1.5 
CS 219 6.71 356 6.71 3 3.05 1.5 
 
Also, the analytical design model was validated against a field test for the multiple helical 
plate screw pile with a spacing ratio of S/Dh = 1.5 and normalised helical plate ratio of 
Dh/Dc= 1.6 (test CL) reported by Zhang (1999) using cylindrical failure mechanism 
procedures. The screw pile had a core diameter of 0.219 m with three helical plates that 
had a diameter of 0.356 m as shown in Table 7.8. The screw pile had a hollow tube, 
however, it will usually be plugged within a few metres during the pile installation (Perko, 
2009). The tests were carried out at the Sand Pit site in Northeast Edmonton, and the 
details of the site are given in Section 3.5.3.  
The results show a reasonable estimation of the compressive capacity for the tests ST22P7 
and ST1P4, whereas it underpredicted compressive capacity ST2P3 and CL 
(underpredicted about 20%) as shown in Figure 7.25, which can be attributed to the 
installation effects. Two approaches were used to predict the compressive capacity of the 
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screw pile (test CL) with multiple helical plates (S/Dh = 1.5) based on individual bearing 
failure (Equation 7-17) and cylindrical failure mechanism (Equation 7-21). The results 
were marginally different (about 5%) between both methods as shown in Figure 7.25. 
Also, the proposed CPT method was verified against the field test measurements of screw 
piles in sand reported by Zhang (1999). The screw pile had a 0.216 m core diameter (Dc) 
with triple helical plates of 0.356 m in diameter (Dh) and spacing ratio (S/Dh) of 1.5. The 
soil at the field test (Sand Pit site) consisted of sand dunes with medium to fine-grained 
sand with silt. A summary of sand properties that were reported by Zhang (1999) and are 
shown in Table 3-5. The CPT prediction procedure for a screw pile with multiple helical 
plates (based on cylindrical failure mechanism) was used to estimate the compressive 
capacity of the screw pile based on the average cone resistance (qca). The results show 
that the CPT method slightly overestimated the compressive capacity (Qc) as shown in 
Figure 7.25. 
 
 
Figure 7.25: Comparison of screw pile field tests measurements of Zhang (1999) and Sakr 
(2010) with estimated compressive capacity based on analytical design approach and CPT 
method 
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7.7 Power requirements for offshore pile installation 
Piles are considered the most common offshore foundation used for offshore wind 
turbines. In this section, a comparison was made between straight-shafted pile and screw 
piles with the same core diameter in terms of power consumption during installation. 
The general trend that was highlighted in the previous chapter (Chapter 6) is that the 
rotation method reduces the vertical installation force (Fv) during the installation of the 
straight-shafted pile in comparison to the push-in method. However, the rotation method 
requires applied torque in addition to the vertical force to install the pile (crowding force). 
In this section, a comparison of the required power to install the pile for the two methods 
is presented and discussed in order to gain insights into the benefits or otherwise of 
introducing torque. 
Deeks (2008) expressed the required power to install the pile using push-in method (Pp) 
and rotation method (Pr) as following: 
 
pushedwvp
VFP          (7-29) 
  TdVFP
rotationwvr
        (7-30) 
3060
2 RPMRPM
d

         (7-31) 
where: Fv is the vertical installation force; Vw is the vertical installation speed; T is the 
installation torque; dθ is the angular velocity; and RPM is the pile rotation per minute. 
The vertical installation speed of the screw pile (Vw) is related to the rotation speed (RPM) 
by the pitch of the screw pile helical plate (p) so that the screw pile penetrates the soil at 
a constant rate equal to the helical plate pitch per full rotation. This installation procedure 
for a screw pile was recommended by others to minimise soil disturbance during 
installation (Perko, 2000 and Tsuha et al., 2012). Therefore, the installation power ratio 
using the push in method compared to the rotation method can be obtained by combining 
the above Equations (7-26) to (7-28), so it can be simplified as follows: 
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The results showed that the installation of the straight-shafted pile (SSP) using the rotation 
method required more power than the push-in method (up to 1.8 times in dense sand) as 
shown in Figures 7.26 and 7.27. Also, the power consumption of screw pile with a single 
helical plate (SHP) increased with increasing helical plate diameter (Dh) and sand relative 
density (Dr) as it requires more force and torque to be installed. However, the increase in 
the power consumption was more significant (up to 10 times) for screw piles with 
multiple helical plates (MHP) and large diameter ratio (Dh/Dc ≥ 2) as shown in Figures 
7.26 and 7.27. 
 
 
Figure 7.26: The relationship between the normalised power and the normalised helical 
plate diameter (Dh/Dc) for straight-shafted pile (SSP) and screw pile with single (SHP) 
and multiple (MHP) helical plates  
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Figure 7.27: Power at the end of pile installation determined based on centrifuge 
installation results of straight-shafted pile (SSP) and screw pile with single (SHP) and 
multiple (MHP) helical plates (in model scale) 
 
7.8 Improvement to existing screw pile torque based design 
As previously stated in the literature (Section 2.6), the screw pile design or installation 
verification may be based upon an empirical relationship proposed by Hoyt and Clemence 
(1989) that correlates the screw pile capacity to the final installation torque. This method 
was used by different researchers to correlate the screw pile uplift and compressive 
capacity to the final installation torque (T) for onshore screw piles (Tsuha et al., 2007; 
and Perko, 2009) so that it can be used in the verification of the final screw pile capacity 
in both tension (Qt) and compression (Qc) based upon the following empirical equations: 
T
Q
k tt                    (7-33) 
and 
T
Q
k cc                   (7-34) 
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where kt & kc are the tension and compression empirical factors (m
-1); Qt & Qc are the 
tension and compressive screw pile capacities; and T is the final installation torque. 
 
Perko (2009) developed an empirical approach to determine a modified empirical factor 
(k*) based on 197 load field tests in compression and tension. The empirical factor was 
related to the pile shaft or core diameter only by the following equation: 
92.0
*
c
k
D
k

                  (7-35) 
where λk: is the fitting factor for screw pile empirical factor (1433 mm0.92/m) and Dc: is 
the shaft diameter of the screw pile (in mm). 
The fitting factor (λk) proposed by Perko (2009) has an unusual unit in order to allow the 
shaft diameter (Dc) of the screw pile to be input in Equation (7-33) in a unit of a millimetre 
and output the modified empirical factor (k*) in a unit of an m-1. Equation (7-33) 
represented the best fit line of the modified empirical factor (k*) based on field tests of 
screw piles under compression and tension loading with a wide range of shaft or core 
diameters Dc = 25 - 325 mm. 
Generally, the torque based design is related to the pile shaft diameter (Hoyt & Clemence, 
1989; and Perko, 2009). Based on the results of this study from centrifuge tests of the 
straight-shafted pile (installed by the rotation method), it was found that the sand relative 
density has an influence on the measured compression empirical factor (kc). Figure 7.28 
shows the best-fit line that correlates empirical factor in compression (kc) with sand 
relative density (Dr) and pile shaft diameter (Dc) for the straight-shafted pile, which is 
expressed by the following equation:  
92.0
53.0
*
c
rk
c
D
D
k

                  (7-36) 
where λk is the fitting factor for straight-shafted pile empirical factor (0.4 m0.92/m); Dc is 
the shaft diameter of the screw pile (in m), and Dr is the sand relative density. 
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Figure 7.28:  Comparison of measured and predicted empirical factor in compression 
(kc*) of straight-shafted piles (compressive capacity (Qc) measured at displacement equal 
to 0.1 Dc) 
 
The results from twenty centrifuge tests of single and multiple helical plate screw piles 
with three different helical plates diameters (0.625, 1.0 and 2.0 m) at three different 
relative densities showed that the measured modified compression empirical factor (kc*) 
is dependent on the normalised helical plate diameter (Dh/Dc) of the screw pile. The 
centrifuge tests results showed that the normalised helical plate diameter (Dh/Dc) has an 
influence on the screw pile compressive capacity (Qc) of single and multiple helical plate 
screw piles as discussed in Sections 7.2.3 and 7.2.4 respectively. It was found that the 
best-fit equation that correlates the modified empirical factor in compression (kc*) with 
screw pile shaft diameter (Dc) and helical plate diameters (Dh) for screw pile is: 
017.0
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where λk is the fitting factor for screw pile empirical factor (equal to 253.5 mm0.92 /m for 
screw pile under compressive capacity); and Dc & Dh are the shaft and the helical plate 
diameters of the screw pile respectively (in mm). 
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The fitting factor (λk) shown above has unusual units to allow shaft diameter (Dc) and 
helical plate diameter (Dh) to be input in units of millimetre and output of the k in units 
of (m-1). Figure 7.29 shows a comparison of measured and predicted modified empirical 
factor in compression (kc*) of screw piles based on compressive capacity (Qc). The results 
showed that the relationship proposed by Perko (2009) under-estimated modified 
compression empirical factors (kc*) of screw piles as it relates the modified empirical 
factor in compression (kc*) to the pile shaft diameter only. However, incorporating the 
sand relative density and helical plate diameter in the proposed equations for the screw 
piles appear to be an acceptable prediction of the modified empirical factor in 
compression (kc*) for each pile type as shown in Figure 7.29. 
 
Figure 7.29: Comparison of measured and predicted modified empirical factor in 
compression (Kc*) of straight-shafted piles and screw piles (compressive capacity (Qc) 
measured at displacement equal to 0.1 Dh) 
 
The empirical factor (k) proposed by Hoyt and Clemence (1989) has an unusual unit (i.e. 
m-1) as it correlates the screw pile capacity to the final installation torque. However, this 
matter was addressed by Byrne & Houlsby (2015) as they suggested a dimensionless 
quantity for the empirical factor (kc) using the following equation: 
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          (7-38) 
Byrne & Houlsby (2015) reviewed previous studies of the relationship of the screw pile 
capacity and helical plate diameter with installation torque to establish a range for the 
empirical factor (k). It has been found that the empirical factor (kc) varied between 2.3 to 
30.7 with an average value of 8.8 for screw pile under compressive loading. The results 
of the centrifuge tests of straight-shafted piles and screw piles in sand with three different 
relative densities (Dr= 31, 55 & 73%) showed that the empirical factor in compression 
(kc) varied between 2.25 to 9.6 and controlled by the normalised helical plate diameter 
(Dh/Dc) as shown in Figure 7.30. Based on the centrifuge tests results of screw piles 
carried out in this thesis, the Kc was increased with average values of 4.3, 6.7 and 8.8 with 
increasing normalised helical plate diameter of the screw pile (Dh/Dc) of 1.25, 2 and 2.5 
respectively. However, the field tests reported by Perko (2009) showed that the average 
value of Kc was not significantly influenced by increasing Dh/Dc from 2.5 to 4.0 as shown 
in Figure 7.30. Therefore, the use of an average value of 8.8 for kc that was suggested by 
Byrne & Houlsby (2015) seems to be reasonable for screw pile with normalised helical 
plate diameter (Dh/Dc) equal or more than 2.5. However, a lower value should be used for 
straight-shafted piles or screw piles with normalised helical plate diameters (Dh/Dc) less 
than 2.5. The screw piles, which are used currently for onshore applications, usually have 
high normalised helical plate diameters (Dh/Dc) to increase the axial capacity. However, 
the optimised offshore screw pile will have low normalised helical plate diameters 
(Dh/Dc) in order to reduce the potential damage of the helical plate and shaft buckling 
during the installation of the screw pile (Section 5.7). Figure 7.30 shows that the empirical 
factor in compression (kc) is related to helical plate diameter (Dh) rather than the shaft 
diameter (Dc) particularly when the normalised helical plate diameter (Dh/Dc) is more 
than 2.5. However, the normalised helical plate diameter of the screw pile (Dh/Dc) of the 
screw pile in this study was varied between 1.25 to 2.5. Therefore it is required to 
investigate higher values for the normalised helical plate diameters (Dh/Dc) to confirm the 
results shown in Figure 7.30.  
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Figure 7.30: Variation of the empirical factor in compression (kc) with the normalised 
helical plate diameter (Dh/Dc) in comparison with, centrifuge tests (Deeks & White, 
2008), field tests (Perko, 2009) and the recommended value suggested by Byrne & 
Houlsby (2015) 
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7.9 Summary 
This chapter has presented and outlined a series of centrifuge tests of straight-shafted piles 
and screw piles installed and tested in flight at an acceleration level of 50g. A summary 
can be drawn as follows: 
1- The centrifuge test results for the straight-shafted piles (SSPs) showed that the 
installation method has a significant influence on the pile behaviour in sand. The SSPs 
installed using the push-in method have a higher compression capacity (Qc) in 
comparison with the SSPs installed using the rotation method in sand with three 
different relative densities (Dr = 73, 55 and 31%). 
2- The optimum spacing ratio of screw pile helical plates was found to be S/Dh = 2.5 
based on centrifuge tests of screw piles have 3, 4 and 7 helical plates with a spacing 
ratio of 3.75, 2.5 and 1.25 respectively. The compressive test results showed that there 
is a slight increase in the screw pile compressive capacity when the helical plates have 
a spacing ratio (S/Dh) less than 2.5. The inclusion of the helical plates with the 
optimised spacing ratio (S/Dh ≤ 2.5) will transfer the failure mechanism of screw pile 
under compression loading from individual bearing failure to a cylindrical failure 
mechanism as shown by numerical modelling. This finding is in agreement with 
results of the numerical modelling simulation of screw pile with different helical 
spacing ratio (S/Dh) in sand with different relative densities, as it has been found that 
the optimum spacing ratio of screw pile helical plates is S/Dh = 2.0.  
3- The screw piles with a single helical plate of low normalised helical plate diameter 
(Dh/Dc < 2) offer marginal benefit over straight-shafted piles under working loads 
where only low settlements are mobilised. However, the screw piles with high 
normalised helical plate diameter (Dh/Dc = 2.5) can offer significant improvement 
over the compressive capacity of a straight-shafted pile installed using the pushed 
method. 
4- Screw piles with multiple helical plates and the optimised spacing ratio can offer 
high compressive capacity in comparison with straight-shafted piles at the same core 
diameter (up to 2.5 times). 
5- Two approaches have been suggested based on an analytical approach and CPT 
cone resistance (LCPC) to estimate the straight-shafted pile and screw pile 
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compressive capacity in sand at different relative densities. The use of LCPC method 
with derived parameters for base bearing coefficient (Kb) and the friction coefficient 
(α) based on the centrifuge tests of straight-shafted pile and screw pile offered a good 
prediction of the compression capacity of the screw pile in comparison with the 
UWA-05 method which was proposed by Lehane et al. (2005). Also, these methods 
have been verified against field tests on screw pile and compared with previous 
methods. 
6- The inclusion of rotation during the installation will increase the power 
consumption which is required for the pile installation. However, the required power 
to install the pile using the rotation method will be the sum of power due to exerted 
torque and force whereas the power required during pushed pile installation is due to 
applied vertical force only. On the other hand, the power consumption for screw pile 
is increased considerably with increasing helical plate diameter and sand relative 
density due to the significant increase in the installation torque and force. 
7- The empirical compression factor (kc) of screw piles in compression increased 
with increasing the normalised helical plate diameter (Dh/Dc) up to 2.5. However, 
increasing Dh/Dc ratio more than 2.5 did not affect the average value of the empirical 
factor (kc = 8.8). 
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Chapter 8: Conclusions and recommendations for further research 
8.1 Introduction 
In this thesis, a study was carried out to investigate the benefits of using screw piles as a 
potential option for offshore foundations. This study included numerical modelling and 
physical modelling of screw piles in sand. The numerical modelling of screw piles with 
different geometries was used to investigate the behaviour of the screw pile with 
optimised geometry under axial, lateral and combined loading. The physical modelling 
of screw pile models was carried out to investigate the effects of the screw pile geometry 
optimisation on the screw pile behaviour under axial loading in sand at three different 
relative densities (Dr = 31, 55 and 73%). The numerical and physical modelling of screw 
piles were focused on the optimisation of the helical plate spacing ratio (S/Dh) and helical 
plate diameter (Dh/Dc). 
 
8.2 Numerical modelling of screw piles under vertical loading 
A series of the 2D finite element numerical modelling simulations was carried out to 
investigate the screw pile behaviour with different geometries on the compressive 
capacity of screw piles in sand with different relative densities. The results showed that 
the optimum helical plate spacing ratio (S/Dh) is equal to 2 such that soil-soil shearing is 
induced between the top and bottom helical plates due to the formation of a strong 
cylindrical failure mechanism defined by helical plate diameter (Dh) of the screw pile in 
instead of a weaker individual bearing mechanism at higher S/Dh. Also, the results showed 
that a slight improvement in the screw pile capacity could be achieved when using a lower 
helical plate spacing ratio below the optimum ratio (S/Dh= 2). For screw piles with the 
optimised helical plates spacing ratio (S/Dh), an acceptable prediction of the screw pile 
capacity can be achieved for piles with a wished-in-place pile assumption at small 
displacement (up to 0.1 Dc), although it is acknowledged that installation effects may lead 
to reduced or different capacities that cannot be captured by this approach. 
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8.3 Numerical modelling of screw piles under lateral loading 
Previous studies have indicated that screw piles have the potential to offer significant 
enhancements to pile capacity in terms of vertical performance in tension and 
compression. However, improved understanding of the lateral performance of screw piles 
is still necessary, and this study has provided preliminary information on the effects of 
helical plate diameter (Dh) and position on the lateral capacity of a screw pile. 
3D FEM was employed to investigate the behaviour of screw piles with large helical 
plates under lateral loading in sand. The numerical modelling approach was validated 
against field test results of straight-shafted piles under lateral loading, and the results 
showed that the lateral load-deflection at ground level and the bending moment within 
the pile at different lateral loads match well with the field test results (Reese et al., 1974). 
The results of numerical modelling of screw piles under lateral loading showed that an 
enhancement of the lateral capacity of piles can be achieved by including near-surface 
helical plates but that more efficient enhancement can be achieved by increasing the pile 
core cross-sectional properties. The screw pile lateral resistance increases (up to 22%) the 
closer the plates are placed towards the seabed surface although to achieve such 
enhancement requires significant lateral deflection (y = 0.1Dc) to allow mobilisation of 
the near-surface mechanisms associated with the helical plate contribution. However, 
scour protection would be required in order to guarantee long-term performance. These 
findings suggest a two-tier approach to the design of screw piles for offshore use where 
(i) the helical plate diameter (Dh) and spacing (S) is determined based on axial 
considerations and then (ii) the pile core diameter (Dc) and position of the top helical plate 
(Hh1) is selected based on lateral performance considerations. 
 
8.4 Numerical modelling of screw piles under combined vertical and lateral loading 
In this thesis, 2D and 3D finite element modelling (FEM) were also used to investigate 
the screw pile behaviour with different geometries in sand under only vertical loading and 
combined vertical and lateral loading respectively. Firstly, the numerical modelling 
approach was validated against field tests on screw piles under lateral and axial 
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(compression and tension) loading (Sakr, 2010a, Sakr, 2010b and Zhang, 1999). The 
results of the numerical modelling simulation of the field tests of screw piles showed a 
good prediction of the load-displacement response of the screw pile behaviour under 
lateral and axial loading. 
A series of the 3D finite element numerical modelling simulations was carried out to 
investigate the influence of axial loads (tension and compression) on the lateral capacity 
of screw piles in sand. A range of axial load ratios (i.e. normalised by the ultimate axial 
capacity of a straight-shafted pile) was chosen to investigate how the screw pile lateral 
resistance varied under combined loading conditions when the axial loads were either in 
compression or tension. The main finding of these simulations was that the axial load had 
a pronounced effect on the lateral capacity of both straight-shafted and screw piles. The 
following conclusions can be drawn: 
1- The lateral performance of both straight-shafted and screw piles is enhanced under 
compressive vertical loading with greater enhancement noted for screw piles. 
Both types of pile though show much better performance when operated as short 
mechanism piles rather than long mechanism piles, with the enhancement of long 
straight-shafted piles being minimal at loads above 0.2 V/Vult.  
2- For both pile types, the lateral performance degraded under vertical tension 
loading (below a zero vertical load situation) irrespective of whether or not they 
were operating in short or long pile modes. However, the influence of the vertical 
tension load on the lateral capacity is more significant in short piles than the long 
pile. 
3- Interrogation of the radial stresses and earth pressures mobilised during modelling 
suggest that the presence of the screw pile helical plates have the potential to 
increase the vertical compressive stresses below the helical plates and the 
resulting radial stresses which in turn increases lateral pile resistance and vertical 
capacity of the pile core.  
4- Screw piles potentially offer good performance when used in jacket or tripod 
arrangements where the horizontal loading can be shared and where moments 
acting on the jacket can be carried principally in axial tension/compression, 
superimposed on the static self-weight. These will be particularly effective if the 
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screw piles can remain (just) in compression under maximum environmental 
horizontal loads.  
5- The main drawback of the enhanced lateral capacity of screw piles with increasing 
vertical compressive loads is that greater bending moment is induced in the core 
of the pile. This implies a need to carefully consider the central core to ensure it 
has sufficient moment capacity so as not to yield under the combined effects of 
vertical and lateral loading.  
 
8.5 Physical modelling 
In this thesis, twenty-nine (29) centrifuge tests in total were undertaken at 50g level using 
1:50 scale model to investigate the behaviour of the straight-shafted piles (SSPs) and 
screw piles (SPs) with different geometries under axial loading in sand at three different 
relative densities. The results of the centrifuge tests of straight-shafted piles and screw 
piles suggest that: 
1- The installation method has a significant influence on the straight-shafted pile 
(SSP) behaviour in sand. The centrifuge tests results showed that the straight-
shafted pile installed using the push-in method requires a higher vertical force for 
the pile installation in comparison with the straight-shaft pile installed using the 
rotation method as the vertical installation force (Fv) reduced due to the applied 
torque (T) in the rotation method by 59%, 70% and 77% in comparison to the 
push-in method with reducing sand relative density 73%, 55% and 31% 
respectively. 
2- The compressive capacity of the straight-shafted pile is significantly influenced 
by the installation method of the straight-shaft pile (push-in method or rotation 
method). The vertical compressive capacity was substantially reduced when the 
pile was installed using the rotation method in comparison with the push-in 
method. The compression capacity of SSP installed using the rotation method was 
reduced by 25%, 42% and 49% in comparison with SSP installed using push-in 
method with decreasing sand relative density 73%, 55% and 31% respectively. 
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3- The installation results of single helical plate screw piles (SHP) indicated that 
vertical force (Fv) and installation torque (T) increase gradually with increasing 
screw pile normalised helical plate diameter (Dh/Dc). However, the centrifuge 
tests results of SHP showed that a limited improvement can be achieved in the 
compression capacity with low normalised helical plate diameter (Dh/Dc ≤ 2) 
whereas a good enhancement of the compression capacity was achieved with 
normalised helical plate diameter (Dh/Dc > 2) in comparison with a straight-
shafted pile installed using the push-in method. Also, the use of SHP may not be 
beneficial when Dh/Dc ≤ 2, as the installation of SHP with Dh of 1 m (Dh/Dc = 2) 
required about 1 MNm torque and 2.75 MN force to be installed up to depth 10 m 
in dense sand. 
4- The centrifuge installation results for multiple helical plates screw piles (MHP) 
showed that a significant force (Fv) and torque (T) are required for the installation. 
A vertical force of 6.5 MN and a torque of 2 MNm are required in order to install 
a MHP with helical plate diameter Dh = 1.25 m and helical plate spacing ratio 
S/Dh = 2 in dense sand up to 10 m depth. Hence, it is required to develop 
appropriate installation plant with the required force and torque capabilities as the 
onshore driving machines for screw pile installation can apply a limited vertical 
force and torque (up to 0.45 MNm). 
5- The centrifuge test results of MHP with different helical plate numbers showed 
that the optimised helical plate spacing ratio (S/Dh) would appear to be 2.5. This 
ratio would support the numerical modelling results which transfer the failure 
mechanism of the screw pile from the weak individual helical plate bearing failure 
(S/Dh > 2.5) to the stronger cylindrical shear mechanism (S/Dh ≤ 2.5). 
6- A CPT cone resistance (CPT method) and theoretical model (TM method) 
approach were suggested to predict the screw pile installation vertical force (Fv) 
torque (T) in sand with different relative densities. The CPT method showed good 
predictions for the installation torque of straight-shafted piles and screw piles in 
sand with different relative densities. Also, the TM method gave a good estimation 
of the installation force and torque of straight-shafted piles in sand with different 
relative densities. However, the TM method underestimated the installation force 
and torque for screw piles with different geometries. Also, the CPT and TM 
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methods showed an improved estimation of the installation torque in comparison 
with field tests of screw piles installed in sand (Gavin et al., 2013; and Sakr, 2011). 
7- The straight-shafted pile installed using the rotation method requires more power 
for the installation in comparison with straight-shafted pile installed using the 
pushed method. Also, the power required for screw pile installation is increased 
significantly with increasing helical plate diameter (Dh) and sand relative density 
(Dr) due to the increase in the installation force and torque required for the screw 
pile installation. The installation results showed that required power for screw pile 
with multiple helical plates (Dh= 1.25 m & Dh/Dc= 2) is more than 10 times the 
power to install a straight-shafted pile at the same depth (10 m) as the results 
showed that it required very high power (about 7 Nm/s in model scale). 
 
8.6 Recommendations for actuator improvement and further research  
Several suggestions are highlighted in this section in order to improve the existing servo 
actuator for inflight installation and testing of screw pile (Chapter 5) along with general 
recommendations for further work.  
8.6.1 Recommendation for future research 
In order to further investigate the screw pile behaviour using the numerical modelling 
(2D & 3D FEA), the following points are recommended: 
1- Investigate screw pile behaviour under lateral and axial cyclic loading as the work 
carried out in this thesis was limited to monotonic loading which is considered as 
an initial stage for further development. 
2- Investigate the screw pile behaviour in layered soil (sand or clay) to simulate real 
seabed conditions. 
3- Investigate group effects on the screw pile capacity. This investigation is essential 
as the offshore support structure (i.e. tripod and jacket) may require multiple pile 
installations if torque and vertical force installation requirements exceed practical 
levels. 
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The following points are recommended for further physical modelling of screw piles: 
1- Investigate screw pile behaviour under uplift loading as in this thesis; the tension 
load tests were carried out after the end of the compression tests with large 
displacement which could reduce the amount of the uplift capacity of the screw 
pile, i.e. previous load compressive load cycles disturbing the soil. 
2- Investigate the cyclic loading effects on the screw pile capacity is sand and clay, 
as the load due to waves and wind is cyclic and the offshore foundations may be 
subject to millions of cycles of loading during their lifetime. 
3- Investigate the installation method influence on the installation force, torque and 
capacity of the screw pile (i.e. apply different penetration rates and rotation speeds 
based on the helical plate pitch or apply vibration during the installation of the 
screw pile). 
4- Investigate screw pile group interaction effects on the installation force, torque 
and capacity of the screw piles (i.e. using different spacing between the piles as a 
ratio of the core diameter and the helical plate diameter to find the minimum 
spacing ratio between the adjacent screw piles). 
5- Investigate the normalised helical plate diameter (Dh/Dc) effects on the empirical 
factor (K) as the maximum value of Dh/Dc carried out in the current study is equal 
to 2.5 and higher values should be investigated. 
6- Investigate the required torque and force for decommissioning (i.e. unscrew) of 
the screw piles for complete removal and the feasibility reuse.  
 
8.6.2 Improvement to screw pile installation and testing actuator and control system 
1- Develop a slip-ring or wireless data acquisition system (similar to the DAQ that 
was developed by Deeks et al., 2010) to be used in the actuator to replace the load 
cell cable. Also, this development would allow the use of pile models with 
instrumentation to split the pile base bearing and shaft resistance for the straight-
shafted pile models and each helical plate for the screw pile models. This 
separation is vital to investigate the effects of the shaft and tip for the straight-
shafted pile and each additional helical plate for the screw pile on the installation 
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components (vertical force and torque) and the ultimate capacity during the 
installation and test respectively. 
2- Develop the current actuator control system so that it can be used for cyclic 
loading with a load control system instead of the displacement control system 
which is currently used. This development will enable the investigation of screw 
pile behaviour under cyclic loading which is considered the dominant loading 
condition for the offshore foundation. 
3- Develop new connections between the screw pile models and the servo actuator 
so that it can be disconnected inflight after the end of the installation. The 
disconnection allows the use of another actuator to apply lateral loading to the 
screw pile head so that the lateral behaviour of the screw pile can be investigated 
in flight without the need to stop the centrifuge machine. 
 
8.6.3 Recommendation for future Cone penetration tests (CPTs) 
The cone diameter of the CPT probe that was used in this study was 16 mm (cross 
sectional area = 201.1 mm2) with load cell capacity up to 2 kN. Based upon these 
characteristics, the maximum tip resistance can be measured 9.95 MPa and due to this 
reason, it was not possible to conduct the CPTs in centrifuge at a 50g level to a depth 
more than 180 mm at model scale (9 m in prototype scale) in dry dense sand (Dr= 73%). 
Therefore, it is necessary to increase the tip resistance for future centrifuge tests in dense 
and very dense soils at greater depth. This can be easily achieved by reducing the cone 
diameter (i.e. 10 mm or 12 mm) and replacing the load cell with one of higher capacity. 
However, it should consider the effects of the CPT cone diameter to the sand mean 
particle size ratio (D/D50) when reducing the CPT cone diameter in order to avoid scale 
effects. 
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Appendix 1 
CPT centrifuge tests data 
The CPT centrifuge test results which were used to determine the installation 
requirements (force and torque) in Section 6.4 and axial compressive capacity (Qc) in 
Section 7.4 of the straight shafted piles and screw piles are detailed below at model scale 
without additional scaling applied. The CPT centrifuge tests were carried out in HST95 
dry silica sand at 50g level using the servo actuator (see Section 5.5.1). For more detail 
and information on the CPT developed for centrifuge tests see Section 5.8. 
 
 
Figure A1.1: CPT centrifuge test in dense sand (Dr = 73%) 
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Figure A1.2: CPT centrifuge test in medium dense sand (Dr = 55%) 
 
 
Figure A1.3: CPT centrifuge test in loose sand (Dr = 31%) 
